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Description
CROSS-REFERENCE TO RELATED APPLICATION
[0001] The present application claims priority to GB Application Serial No. 1508248.0, filed May 14, 2015.
BACKGROUND

[0002] Embodiments of the present disclosure relate to a method of processing strain measurements, the method
being of the type that, for example, processes phase information from two or more measured signals representing
respective backscattered optical signals. Embodiments of the present disclosure also relate to an optical measurement
system of the type that, for example, comprises at least two detectors arranged to generate respective measured signals
in response to respective backscattered optical signals. Embodiments of the present disclosure further relate to a fibre-
optic sensor apparatus of the type that, for example, comprises more than one optical fibre. Embodiments of the present
disclosure also relates to a method of fibre-optic sensing, the method being of the type that, for example, comprises
providing more than one optical fibre.

[0003] Hydrocarbon fluids such as oil and natural gas are obtained from a subterranean geologic formation, referred
to as a reservaoir, by drilling a well that penetrates the hydrocarbon-bearing formation. Once a wellbore is drilled, various
forms of well completion components may be installed in order to control and enhance the efficiency of producing the
various fluids from the reservoir. One piece of equipment which may be installed is a sensing system, such as a fibre
optic based sensing system to monitor various downhole parameters that provide information that may be useful in
controlling and enhancing production. However, wellbore applications are by no means the only applications where fibre
optic sensing systems can be employed and, for example, fibre optic sensing systems find application in marine streamers.
[0004] Typically, a fibre optic sensor of the fibre optic sensing system comprises a length of optical fibre that is
interrogated by launching pulses of light into the optical fibre. To measure vibration or strain, distributed fibre optic
sensing systems measure, for example, the amplitude of Rayleigh backscatter returned from the fibre optic sensor when
excited by the pulses of light. Such sensing systems are useful for tracking the movement of certain events and/or
classifying various types of disturbances. However, for some applications, phase-related measurements can be used
to determine other parameters.

[0005] Oneknown fibre optic sensing system is a Distributed Vibration Sensor (DVS) system, for example a heterodyne
DVS (hDVS) system. In such a sensing system, dynamic range is an important system parameter. In this respect, the
dynamic range of a system interrogating a single fibre is sometimes insufficient for some applications, for example active
and passive seismic measurement. In particular, a single fibre having a certain amplitude sensitivity can be inadequate
where the fibre is exposed to acoustic waves of different amplitudes.

[0006] Due to the optical fibre having a single amplitude sensitivity, where a mixture of acoustic signals of different
amplitudes are incident upon the optical fibre at a given location on the fibre, the acoustic signals of higher amplitude
can cause signal saturation in the processing of phase data generated by acquisition circuitry of an hDVS unitin response
to the mixture of acoustic signals sensed by the optical fibre. Consequently, it is not possible to apply certain processing
techniques to the phase data generated by the hDVS unit in order to reconstruct a time-varying strain signal associated
with a location along the optical fibre. For example, it is not possible to reconstruct the strain signal from using a so-
called "phase unwrapping" processing technique, because the strain signal is aliased in the phase domain as a result
of the influence of the rate of change of the acoustic signals. The aliasing is caused by the optical signal being sensed
having a phase variation that is wrapped multiple times, the number of times being indeterminable by the hDVS unit.
The rate of change of a signal, for example the phase of the optical signal, depends on its amplitude and frequency. For
signals with the same frequency or with comparable frequency component content, the rate of change is primarily affected
by their amplitude.

[0007] United States Patent Publication No. 2013/0291643 discloses a directionally sensitive Distributed Acoustic
Sensing (DAS) fibre optical assembly comprising a pair of optical fibres, each having different directional acoustic
sensitivities so that directions of acoustic signals relative to the optical fibres can be detected. However, this document
does not address the problem of signal aliasing in the phase domain.

BRIEF SUMMARY

[0008] This summary is provided to introduce a selection of concepts that are further described below in the detailed
description. This summary is not intended to be used as an aid in limiting the scope of the claimed subject matter.
[0009] According to a first aspect of the present disclosure, a method of processing strain measurement signals during
fibre-optic sensing using a first sensor which is a first optical fibre is characterized by:



10

15

20

25

30

35

40

45

50

55

EP 3 295 155 B1

providing a second sensor which is a second optical fibre positioned for acoustic waves to be incident on both the
first and second optical fibres, wherein

the first optical fibre has a first magnitude sensitivity associated therewith; the second optical fibre has a same
direction of acoustic sensitivity as the first optical fibre and the second optical fibre has a second magnitude sensitivity
that is different to the first magnitude sensitivity;

measuring a first backscattered optical signal in respect of the first optical fibre and a second backscattered optical
signal in respect of the second optical fibre, wherein

the first measured signal has a first phase signal associated therewith;
the second measured signal has a second phase signal associated

therewith that constitutes a consolidation of the first phase signal and an additional phase signal, wherein the first
phase signal and the additional phase signal are indistinguishable from one another in the phase domain;
processing the first phase signal,

processing the second phase signal to obtain the additional phase signal; and constructing a strain measurement
signal using the processed first phase signal and the additional phase signal.

[0010] The first phase signal may be processed using a predetermined processing technique and the second phase
signal may be processed using the predetermined processing technique.

[0011] The processing of the first phase signal may be a phase unwrapping technique that yields unwrapped first
phase signal and the processing of the second phase signal may be the phase unwrapping technique.

[0012] The phase unwrapping technique applied to the second phase signal may employ an a priori phase signal. The
a priori phase signal may be the unwrapped first phase signal generated and associated with the first measured signal.
[0013] The first measured signal may have a first gain associated therewith and the second measured signal may
have a second gain associated therewith, wherein the second gain may be larger than the first gain. The second gain
may be a multiple of the first gain.

[0014] Processing of the second phase signal may comprise subtracting the a priori phase signal from the determined
second phase signal.

[0015] A method of reconstructing a strain signal may comprise the method of processing strain measurements as
set forth above in accordance with the first aspect of the disclosure.

[0016] The construction of the strain measurement signal may comprise summation of a first estimate of the strain
measurement signal corresponding to the first phase signal and a second estimate of the strain measurement signal
corresponding to the additional phase signal.

[0017] According to a second aspect of the present disclosure, there is provided a fibre optic measurement system
comprising:

a first optical sensor which is a first optical fibre ;

characterised in that the system further comprises:

a second optical sensor which is a second optical fibre having a same direction of acoustic sensitivity as the first
optical fibre;

wherein the first optical fibre has a first magnitude sensitivity associated therewith; and the second optical fibre has
a second magnitude sensitivity associated therewith that is different to the first magnitude sensitivity; and

a measurement processing unit operably coupled to the first optical fibre and the second optical fibre and arranged
to receive a first backscattered optical signal in respect of the first optical fibre and a second backscattered optical
signal in respect of the second optical fibre,

wherein both signals arise from an acoustic wave incident on both the first and second optical fibres, the first
measured signal has a first phase signal associated therewith, and the second measured signal has a second phase
signal associated therewith that constitutes a consolidation of the first phase signal and an additional phase signal,
wherein the first phase signal and the additional phase signal are indistinguishable from one another in the phase
domain;

the measurement processing unit being configured to process the first phase signal, process the second phase signal
to obtain the additional phase signal; and construct a strain measurement signal using the processed first phase signal
and the additional phase

[0018] The measurement processing unit may comprise:

a first optical signal converter arranged to receive the first backscattered optical signal in respect of a first optical
sensor and in response to generate the first measured signal.
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a second optical signal converter arranged to receive a second backscattered optical signal and in response to
generate the second measured signal

a processing resource arranged to support a phase detector, which determines the first phase signal from the first
measured signal;

a phase processing unit supported by the processing rescource and arranged to process the first phase signal and
a signal combiner wherein the phase detector determines the second phase signal from the second measured
signal, where the first phase signal and the additional phase signal are indistinguishable from one another in the
phase domain; the phase processing unit is arranged to process the second phase signal to obtain the additional
phase signal and the signal combiner is arranged to construct an estimate of a strain measurement signal using
estimated strain signals respectively derived from the processed first phase signal and the additional phase signal.

[0019] The phase processing unit may be a phase unwrapper. The phase unwrapper may be arranged to use an a
priori phase signal.

[0020] The first optical sensor may have a first gain associated therewith and the second optical sensor may have a
second gain associated therewith; the second gain may be larger than the first gain. The second gain may be substantially
a multiple of the first gain.

[0021] The first optical sensor may be a first optical fibre sensor and/or the second optical sensor may be a second
optical fibre sensor.

[0022] The processing resource may be arranged to subtract the a priori phase signal from the determined second
phase signal.

[0023] According to a third aspect of the present disclosure, a method of processing strain measurements during fibre-
optic sensing using a first sensor which is a first optical fibre is characterized by:

providing a second sensor which is a second optical fibre positioned for acoustic waves to be incident on both the
first and second optical fibres, wherein

the first optical fibre has a first magnitude sensitivity associated therewith;
the second optical fibre has a same direction of acoustic sensitivity as the first optical fibre and the second
optical fibre has a second magnitude sensitivity that is different to the first magnitude sensitivity;

measuring a first backscattered optical signal in respect of the first optical fibre and a second backscattered optical
signal in respect of the second optical fibre,, wherein the first measurement signal is in respect of a plurality of
contiguous time intervals, and the second measurement signal is also in respect of the plurality of contiguous time
intervals;

the method comprising:

generating a first unwrapped phase signal in respect of the first measurement signal;

generating a second unwrapped phase signal in respect of the second measurement signal;

selecting a phase signal fragment in respect of a first time interval of the plurality of contiguous time intervals
from one of the first unwrapped phase signal associated with the first sensor and the second unwrapped phase
signal associated with the second sensor in accordance with a predetermined criterion; and

using the selected phase signal fragment to construct a strain measurement signal.

[0024] The predetermined criterion may be signal saturation. The predetermined criterion may be least saturation.
[0025] The method may further comprise measuring the signal saturation of the firstunwrapped phase signal associated
with the first sensor in respect of the first time interval.

[0026] The method may further comprise: measuring power of the first unwrapped phase signal in respect of frequency
components selected with respect to a predetermined frequency band and in respect of the first time interval.

[0027] The method may further comprise: measuring the signal saturation of the second unwrapped phase signal in
respect of the first time interval of the plurality of contiguous time intervals in response to the measurement of the signal
saturation in respect of the first unwrapped phase signal and the first time interval being indicative of the first unwrapped
phase signal being saturated in respect of the first time interval.

[0028] The power of the second unwrapped phase signal may be measured in respect of frequency components
selected with respect to the predetermined frequency band.

[0029] The predetermined frequency band may be between about 500 Hz and about 1000 Hz.

[0030] The method may further comprise: measuring with respect to the predetermined frequency band by filtering
the first unwrapped phase signal in respect the predetermined frequency band.
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[0031] The method may further comprise: measuring with respect to the predetermined frequency band by filtering
the second unwrapped phase signal in respect of the predetermined frequency band.

[0032] The method may further comprise: determining whether the first unwrapped phase signal is saturated in respect
of the first time interval by comparing the measured power of the first unwrapped phase signal with respect to a prede-
termined power threshold.

[0033] The method may comprise: determining whether the second unwrapped phase signal is saturated in respect
of the first time interval by comparing the measured power of the second unwrapped phase signal with respect to the
predetermined power threshold.

[0034] The method may further comprise: selecting another phase signal fragmentin respect of a second time interval
of the plurality of contiguous time intervals from one of the first unwrapped phase signal associated with the first sensor
and the second unwrapped phase signal associated with the second sensor in accordance with the predetermined
criterion. The second time interval may immediately follow the first time interval.

[0035] According to a fourth aspect of the present disclosure, there is provided a fibre optic measurement system
comprising a first optical sensor which is a first optical fibre characterised in that the system further comprises:

a second optical sensor which is a second optical fibre having a same direction of acoustic sensitivity as the first
optical fibre;

wherein the first optical fibre has a first magnitude sensitivity associated therewith; and the second optical fibre has
a second magnitude sensitivity associated therewith that is different to the first magnitude sensitivity; and

a measurement processing unit operably coupled to the first optical fibre and the second optical fibre and arranged
to receive a first backscattered optical signal in respect of the first optical fibre and a second backscattered optical
signal in respect of the second optical fibre,

wherein both signals arise from an acoustic wave incident on both the first and second optical fibres, the first
measured signal has a first phase signal associated therewith, and the second measured signal has a second phase
signal associated therewith that constitutes a consolidation of the first phase signal and an additional phase signal,
wherein the first phase signal and the additional phase signal are indistinguishable from one another in the phase
domain;

wherein the measurement processing unit comprises a first optical signal converter configured to generate a first
measurement signal in respect of a plurality of contiguous time intervals and associated with the first sensor;

a second optical signal converter (318) configured to generate a second measurement signal in respect of the
plurality of contiguous time intervals and associated with the second sensor;

a phase signal generator configured to generate a first unwrapped phase signal in respect of the first measurement
signal and a second unwrapped phase signal in respect of the second measurement signal;

a signal analyser configured to select a phase signal fragment in respect of a first time interval of the plurality of
contiguous time intervals from one of the first unwrapped phase signal associated with the first sensor and the
second unwrapped phase signal associated with the second sensor in accordance with a predetermined criterion; and
asignal combining unit configured to use the selected phase signal fragment to constructa strain measurement signal.

[0036] The predetermined criterion may be signal saturation. The predetermined criterion may be least saturation.
[0037] The signal analyser may be arranged to measure the signal saturation of the first unwrapped phase signal
associated with the first sensor in respect of the first time interval. The signal analyser may be arranged to measure
power of each the first phase signal in respect of frequency components selected with respect to a predetermined
frequency band and in respect of the first time interval.

[0038] The signal analyser may be arranged to measure the signal saturation of the second unwrapped phase signal
in respect of the first time interval of the plurality of contiguous time intervals in response to the measurement of the
signal saturation in respect of the first phase signal and the first time interval may be indicative of the first unwrapped
phase signal being saturated in respect of the first time interval.

[0039] The signal analyser may be arranged to measure power of the second unwrapped phase signal in respect of
frequency components selected with respect to the predetermined frequency band.

[0040] The predetermined frequency band may be between about 500 Hz and about 1000 Hz.

[0041] The signal analyser may be arranged to measure with respect to the predetermined frequency band by filtering
the first unwrapped phase signal in respect of the predetermined frequency band.

[0042] The signal analyser may be arranged to measure with respect to the predetermined frequency band by filtering
the second unwrapped phase signal in respect of the predetermined frequency band.

[0043] The signal analyser may be arranged to determine whether the first unwrapped phase signal is saturated in
respect of the first time interval by comparing the measured power of the first unwrapped phase signal with respect to
a predetermined power threshold.

[0044] The signal analyser may be arranged to determine whether the second unwrapped phase signal is saturated
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in respect of the first time interval by comparing the measured power of the second unwrapped phase signal with respect
to the predetermined power threshold.

[0045] The signal analyser may be arranged to select another phase signal fragment in respect of a second time
interval of the plurality of contiguous time intervals from one of the first unwrapped phase signal associated with the first
sensor and the second unwrapped phase signal associated with the second sensorin accordance with the predetermined
criterion. The second time interval may immediately follow the first time interval.

[0046] It is thus possible to provide a method, system and apparatus capable of providing phase signal estimates
despite aliasing of time-varying phase signals attributable to a mixture of large and small rates of signal variation. The
method, system and apparatus also enable a strain signal to be reconstructed in respect of a wide range of strain rates
of change, thereby increasing the dynamic range of signals that can be measured by the measurement apparatus. In
this respect, the lower sensitivity of some of the optical fibres used is effectively caused by a limited dynamic range of
the interrogation system itself. As fibre optic acoustic sensors have a limited dynamic range of for example 60 dB, all
signals below 60 dB relative to a maximum signal strength would be lost in noise of the detection system, attributable
for example to laser and thermal noise. The method, system and apparatus supports a larger signal dynamic range by
combining fibres having different contiguous sensitivity ranges. Also, since different optical fibres have different scatter
responses, combining measurements made with these optical fibres results in improved signal linearity and quality.

BRIEF DESCRIPTION OF THE DRAWINGS
[0047] The present disclosure is described in conjunction with the appended figures. It is emphasized that, in accord-
ance with the standard practice in the industry, various features are not drawn to scale. In fact, the dimensions of the

various features may be arbitrarily increased or reduced for clarity of discussion.

Figure 1 is a schematic diagram of a wellbore containing a fibre optic sensor, in accordance with some embodiments
of the present disclosure;

Figure 2 is a schematic diagram of a heterodyne distributed vibration sensing system employing the fibre optic
sensor of Figure 1 ;

Figure 3 is a schematic diagram of the fibre optic sensor of Figure 1 in greater detail;

Figure 4 is a schematic diagram of an acquisition apparatus of Figure 3, in accordance with some embodiments of
the present disclosure;

Figure 5 is a schematic diagram of an architectural stack supported by the apparatus of Figure 4;

Figure 6 is a schematic diagram of a strain signal reconstruction apparatus of Figure 5, in accordance with some
embodiments of the present disclosure;

Figure 7 is an event sequence diagram corresponding to a method of processing strain measurement signals
employed by the apparatus of Figure 3;

Figure 8 is a flow diagram of the method of processing strain measurement signals employed by the apparatus of
Figure 3, in accordance with some embodiments of the present disclosure;

Figure 9 is a hybrid schematic diagram of processing of waveforms generated using the method of Figure 8;
Figure 10 is a graph of waveforms at different stages of processing as generated by following the method of Figure 8;

Figure 11 is a schematic diagram of a strain signal reconstruction apparatus, in accordance with some embodiments
of the present disclosure; and

Figure 12is a flow diagram of another method of processing a strain measurement signals employed by the processor
of Figure 11, in accordance with some embodiments of the present disclosure.

[0048] In the appended figures, similar components and/or features may have the same reference label. Further,
various components of the same type may be distinguished by following the reference label by a dash and a second
label that distinguishes among the similar components. If only the first reference label is used in the specification, the
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description is applicable to any one of the similar components having the same first reference label irrespective of the
second reference label.

DETAILED DESCRIPTION

[0049] The ensuing description provides preferred exemplary embodiment(s) only, and is not intended to limit the
scope, applicability or configuration of the invention. Rather, the ensuing description of the preferred exemplary embod-
iment(s) will provide those skilled in the art with an enabling description for implementing a preferred exemplary embod-
iment of the invention. It being understood that various changes may be made in the function and arrangement of
elements without departing from the scope of the invention as set forth in the appended claims.

[0050] Specific details are given in the following description to provide a thorough understanding of the embodiments.
However, it will be understood by one of ordinary skill in the art that the embodiments maybe practiced without these
specific details. For example, circuits may be shown in block diagrams in order not to obscure the embodiments in
unnecessary detail. In other instances, well-known circuits, processes, algorithms, structures, and techniques may be
shown without unnecessary detail in order to avoid obscuring the embodiments.

[0051] Also, it is noted that the embodiments may be described as a process which is depicted as a flowchart, a flow
diagram, a data flow diagram, a structure diagram, or a block diagram. Although a flowchart may describe the operations
as a sequential process, many of the operations can be performed in parallel or concurrently. In addition, the order of
the operations may be re-arranged. A process is terminated when its operations are completed, but could have additional
steps not included in the figure. A process may correspond to a method, a function, a procedure, a subroutine, a
subprogram, etc. When a process corresponds to a function, its termination corresponds to a return of the function to
the calling function or the main function.

[0052] Moreover, as disclosed herein, the term "storage medium" may represent one or more devices for storing data,
including read only memory (ROM), random access memory (RAM), magnetic RAM, core memory, magnetic disk storage
mediums, optical storage mediums, flash memory devices and/or other machine readable mediums for storing informa-
tion. The term "computer-readable medium" includes, but is not limited to portable or fixed storage devices, optical
storage devices, wireless channels and various other mediums capable of storing, containing or carrying instruction(s)
and/or data.

[0053] Furthermore, embodiments may be implemented by hardware, software, firmware, middleware, microcode,
hardware description languages, or any combination thereof. When implemented in software, firmware, middleware or
microcode, the program code or code segments to perform the necessary tasks may be stored in a machine readable
medium such as storage medium. A processor(s) may perform the necessary tasks. A code segment may represent a
procedure, a function, a subprogram, a program, a routine, a subroutine, a module, a software package, a class, or any
combination of instructions, data structures, or program statements. A code segment may be coupled to another code
segmentor a hardware circuit by passing and/or receiving information, data, arguments, parameters, or memory contents.
Information, arguments, parameters, data, etc. may be passed, forwarded, or transmitted via any suitable means including
memory sharing, message passing, token passing, network transmission, etc.

[0054] It is to be understood that the following disclosure provides many different embodiments, or examples, for
implementing different features of various embodiments. Specific examples of components and arrangements are de-
scribed below to simplify the present disclosure. These are, of course, merely examples and are not intended to be
limiting. In addition, the present disclosure may repeat reference numerals and/or letters in the various examples. This
repetition is for the purpose of simplicity and clarity and does not in itself dictate a relationship between the various
embodiments and/or configurations discussed. Moreover, the formation of a first feature over or on a second feature in
the description that follows may include embodiments in which the first and second features are formed in direct contact,
and may also include embodiments in which additional features may be formed interposing the first and second features,
such that the first and second features may not be in direct contact.

[0055] In some embodiments, the apparatus, systems and techniques described herein may be employed in conjunc-
tion with an intelligent completion system disposed within a well that penetrates a hydrocarbon-bearing earth formation.
Portions of the intelligent completion system may be disposed within cased portions of the well, while other portions of
the system may be in the uncased, or open hole, portion of the well. The intelligent completion system may comprise
one or more of various components or subsystems, which include without limitation: casing, tubing, control lines (electric,
fibre optic, or hydraulic), packers (mechanical, sell or chemical), flow control valves, sensors, in flow control devices,
hole liners, safety valves, plugs orinline valves, inductive couplers, electric wet connects, hydraulic wet connects, wireless
telemetry hubs and modules, and downhole power generating systems. Portions of the systems that are disposed within
the well may communicate with systems or sub-systems that are located at the surface. The surface systems or sub-
systems in turn may communicate with other surface systems, such as systems that are at locations remote from the well.
[0056] Referring to Figure 1, an optical sensor unit, for example a fibre-optic sensor unit 102, may be deployed in a
wellbore 100 to observe physical parameters associated with a region of interest 104 in a geological formation. In some
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embodiments, the fibre-optic sensor 102 may be deployed through a control line and may be positioned in an annulus
between a production tubing 106 and a casing 108. As will be described later herein in further detail, the fibre-optic
sensor 102 comprises more than one optical sensing fibre for, for example, the purpose of measuring strain. An obser-
vation system 110, which includes the interrogation, detection and acquisitions systems for a phase coherent-detection
Optical Time Domain Reflectometry (OTDR) system described later herein, may be located at a surface 112 and coupled
to the fibre-optic sensor 102 to transmit probe pulses, detect returned backscatter signals, and acquire phase information
to determine the parameters of interest, for example strain or vibration parameters, in the manners described later herein.
[0057] In order to reach the region of interest 104, the wellbore 100 is drilled through the surface 112 and the casing
108 is lowered into the wellbore 100. Perforations 114 are created through the casing 108 to establish fluid communication
between the wellbore 100 and the formation in the region of interest 104. The production tubing 106 is then installed
and set into place such that production of fluids through the tubing 106 can be established. Although a cased well
structure is shown, it should be understood that embodiments set forth herein are not limited to this illustrative example.
Uncased, open hole, gravel packed, deviated, horizontal, multi-lateral, deep sea or terrestrial surface injection and/or
production wells (among others) may incorporate the phase coherent-detection OTDR system.

[0058] The fibre optic sensor 102 for the OTDR system may be permanently installed in the well or can be removably
deployed in the wellbore 100, such as for use during remedial operations. In many applications, strain and pressure
measurements obtained from the region of interest 104 using a phase coherent-detection OTDR system may provide
useful information that may be used to increase productivity. For instance, the measurements may provide an indication
of the characteristics of a production fluid, such as flow velocity and fluid composition. This information then can be used
to implement various types of actions, such as preventing production from water-producing zones, slowing the flow rate
to prevent so-called "coning”, and controlling the injection profile, so that more oil is produced as opposed to water. The
strain and pressure measurements can also provide information regarding the properties of the surrounding formation
so that the phase coherent-detection OTDR system can be used for seismic surveying applications.

[0059] In this respect, a phase coherent-detection OTDR system can provide substantial advantages for seismic
exploration and seismic production monitoring applications. For instance, seismic surveying applications, and particularly
downhole seismic monitoring applications, employ seismic sources, for example a seismic source 116, to generate
seismic signals for detection by an acoustic sensor, such as the fibre optic sensor 102, which may be configured to
respond to acoustic forces incident along its length and which may be deployed downhole, for example in the wellbore
100. Two different types of seismic sources are generally employed: impulsive sources, for example air guns or explosives,
which may be either deployed at the surface 112 or downhole in the wellbore, and vibroseis sources.

[0060] A vibroseis source is generally implemented by one or more trucks or vehicles that move across the surface
and, when stationary, shake the ground in accordance with a controlled time/frequency function, which typically is a
linearly varying frequency or "chirp." When impulsive sources are used, optical signals captured by the fibre optic sensor
102 during seismic monitoring can be easily cross-correlated with the original acoustic signal incident upon the fibre
optic sensor 102, since the firing of the impulsive source is a discrete event. However, for vibroseis sources, the captured
signals must be linearly related to the acoustic signals incident upon the fibre optic sensor 102 in order to perform the
cross-correlation between the captured signals and the original chirp signal. The COTDR systems described above can
be used to measure or estimate strain through the estimation of the phase of backscattered light. Yet further, because
of the relationship between the acoustic signals that impart a strain on the sensor and the resulting optical signal, beam-
forming methods can be employed to filter the incoming acoustic waves by angle, thus providing for more precise
characterization of the properties of the surrounding geologic formation.

[0061] Embodiments of the phase coherent-detection OTDR systems set forth herein can also be employed in appli-
cations other than hydrocarbon production and seismic or geologic surveying and monitoring. For instance, embodiments
of the phase coherent-detection OTDR systems can be implemented in intrusion detection applications or other types
of applications where it may be desirable to detect disturbances to a fibre optic cable. As another example, embodiments
of the phase coherent-detection OTDR systems can be employed in applications where the fibre optic sensor is deployed
proximate an elongate structure, such as a pipeline, to monitor and/or detect disturbances to or leakages from the
structure. In another embodiment, the fibre optic sensor can be used in conjunction with a marine streamer.

[0062] The embodiments mentioned above employ coherent-detection OTDR techniques (generally, launching a nar-
row-band optical pulse into an optical fibre and mixing the Rayleigh backscattered light with a portion of the continuous
light coming directly from the optical source) combined with phase measurements to measure a parameter of interest
in the region in which the optical fibre is deployed. In some embodiments, as described later herein, the measured
phases may be differentiated over a selected differentiation interval and the time variation of these differentiated phase
signals may be a measure of the parameter of interest. In various other embodiments, multiple interrogation frequencies
may be used to enhance the linearity of the measurement and to reduce the fading that otherwise may be present in a
coherent-detection OTDR system that employs a single interrogation frequency.

[0063] Turning to Figure 2, an exemplary arrangement of a phase-measuring OTDR system 200 that employs heter-
odyne coherent detection will now be described initially, for the sake of ease of understanding, with reference to a single
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optical sensor, for example a single optical sensing fibre 221 of the optical sensor unit 102. The system 200 includes
an optical source 202, which can be a narrowband source such as a distributed feedback fibre laser, which generally
provides the narrowest available spectrum of lasers for which the emission wavelength can be selected over a wide
range. The output of the source 202 is divided into a local oscillator path 206 along which a local oscillator signal
propagates and an interrogation signal path 204. In the path 204, a modulator 208 modulates an optical signal into a
probe pulse, which additionally may be amplified by an amplifier 210 prior to being launched into the sensing fibre 221
via a first circulator 220. In this example, the probe pulse and the local oscillator signal are at different carrier frequencies.
In this regard, a frequency shift is introduced in the probe pulse, which may for instance be achieved by selecting the
modulator 208 to be of the acousto-optic type, where the pulsed output is taken from the first diffraction order, or higher
of the modulator 208.

[0064] All orders other than zero of the output of such devices are frequency-shifted (up or down) with respect to the
input light by an amount equal to (for first order) or integer multiple of (for second order or higher) the radio-frequency
electrical input applied to them. Thus, in this example, an Intermediate Frequency (IF) source 212, for example a radio
frequency oscillator, provides a driving signal for the modulator 208, gated by an IF gate 214 under the control of a
trigger pulse 216. The optical pulse thus emitted by the modulator 208 is frequency-shifted relative to the light input to
the modulator 208 from the optical source 202, and therefore also relative to the local oscillator signal in the path 206.
[0065] The trigger 216 synchronizes, in this example, the generation of the probe pulse with an acquisition by the
system 200 of samples of the backscatter signal generated by the sensing fibre 221, from which the phase (and indeed
the amplitude) information may be calculated. In various embodiments, the trigger 216 can be implemented as a counter
within a sampler 218 that determines the time at which the next pulse should be generated by the modulator 208. At the
determined time, the trigger 216 causes the IF gate 214 to open simultaneously with initiating acquisition by the sampler
218 of a pre-determined number of samples of the amplitude information. In other embodiments, the trigger 216 can be
implemented as a separate element that triggers initiation of the probe pulse and acquisition of the samples in a time-
linked manner. For instance, the trigger 216 can be implemented as an arbitrary waveform generator that has its clock
locked to the clock of the sampler 218 and which generates a short burst at the IF rather than the arrangement shown
of an IF source 212 followed by a gate 214.

[0066] In other arrangements, the frequency difference between the probe pulse launched into the sensing fibre 221
and the local oscillator signal in the path 206 may be implemented in manners other than by using the modulator 208
to shift the frequency of the probe pulse. For instance, a frequency shift may be achieved by using a non-frequency-
shifting modulator in the probe pulse path 204 and then frequency-shifting (up or down) the light prior to or after the
modulator 208. Alternatively, the frequency shifting may be implemented in the local oscillator path 206.

[0067] As mentioned above, the system 200 also comprises the first circulator 220 that passes the probe pulse into
the sensing fibre 221 and diverts returned light to a first return optical fibre 222, where itis directed to a coherent-detection
system 224 that generates a mixed output signal. In an exemplary implementation, the coherent-detection system 224
includes a directional coupler 226, a detector 228 and a receiver 230. The directional coupler 226 combines the returned
light in the first return optical fibre 222 with the local oscillator light in the path 206. The output of the coupler 226 is
directed to the detector 228. In this example, the detector 228 is implemented as a pair of photodetectors 232, 234, for
example photodiodes, which are arranged in a balanced configuration. The use of a photodetector pair 232, 234 can
be particularly useful, because it makes better use of the available light and can cancel the light common to both outputs
of the coupler 226 and, in particular, common-mode noise. The detector 228, or photodetector pair 232, 234, provide(s)
a current output centred at the IF that is passed to the receiver 230, for example a current input preamplifier or a
transimpedance amplifier, which provides the mixed output signal, for example an IF signal.

[0068] A sampling module 235 comprises a filter 236 operably coupled to an output of the receiver 230 and can be
used to select a band of frequencies around the IF and the filtered signal can then be amplified by an amplifier 238 of
the sampling module 235 and sent to the sampler 218, which in this example is a high-speed analogue-to-digital converter
(ADC) 218 driven by a clock 217 and triggered by the trigger source 216. The clock 217, which controls the sampling
rate of the ADC 218, can be derived from the same master oscillator that is used to derive the IF source 212 in order to
ensure phase coherence between the backscatter signal and the timing of the digital samples. An output of the ADC
218 is operably coupled to an acquisition apparatus 328.

[0069] As an example, commercially available acousto-optic modulator drive frequencies include 40, 80 or 110 MHz.
The resulting IF signal can conveniently be sampled at 250 Msample/s, a sampling frequency for which a number of
high quality 12-bit analogue-to-digital converters (ADCs) are available, for example from Maxim Integrated Circuits
(MAX1215) or Analog Devices (AD9626 or AD9630). ADCs with higher sampling rates are available commercially from
companies such as Maxim Integrated Circuits or National Semiconductor, and sampling rates in excess of 2 GSPS (giga
samples per second) can be purchased off the shelf, with somewhat lower resolution (8-10 bit). In this example, the
sampling rate of the ADC 218 is set to be several times the IF frequency, for example 4-5 times the IF frequency, but
techniques known as subsampling, where this condition is not met can also be employed. Thus, two frequencies are
used in the system 200: one to drive the ADC 218 and the other for the IF source 212. Both frequencies can be derived
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from a common oscillator using one or more phase-locked loops and/or frequency dividers. An alternative approach is
to drive the modulator 208 from an arbitrary waveform generator that synthesises the RF signal to drive the modulator
208 and that itself is synchronised in its clock to the sampling clock 217. The digital data stream thus generated by the
ADC 218 may be processed by a processing system on the fly to extract a phase estimate from the incoming data.
Alternatively, the data may be stored in a data storage unit (not shown) for later processing.

[0070] As mentioned above, the description of the phase-measuring OTDR system 200 has been confined initially to
the context of a single sensing fibre 221. However, extending this example further to the interrogation of multiple sensing
fibres of different sensitivities, a splitter can be provided to couple the source 202 and the modulator 208 to separate
sensing fibres having respective circulators disposed between the splitter and the sensing fibre. In this regard, the source
202 and the modulator 208 can be shared by the plurality of sensing fibres of the fibre-optic sensor 102, as well as the
IF source 212, the gate 214, the trigger 216 and the clock 217.

[0071] However, the coherent detection system 224 and the sampling module 235 are provided, in this example, for
each of the plurality of sensing fibres. In this respect, and referring to Figure 3, the optical sensor unit 102 comprises a
cable 300 having a housing for containing a plurality of optical sensors, for example the first optical fibre 221/302, a
second optical fibre 304 and a third optical fibre 306. Although, in this example, only three optical fibres are described,
the skilled person will appreciate that the optical fibre sensor 102 may comprise fewer or a greater number of optical
fibres for sensing purposes. The direction of sensitivity of the first optical fibre 302 is the same as the direction of the
acoustic sensitivity of the second optical fibre 304. Where more than two optical fibres are employed, for example as in
the present example, the remaining optical fibres, for example the third optical fibre 306, has/have the same direction
of acoustic sensitivity as the first and second optical fibres 302, 304.

[0072] The first optical fibre 302 has a first transfer function, f;(+), associated therewith, the second optical fibre 304
has a second transfer function, f,(+), associated therewith, and the third optical fibre 306 has a third transfer function,
f3(+), associated therewith. If, as suggested above, a greater number of optical fibres is employed to form the optical
fibre sensor 102, then an ith optical fibre would have an ith transfer function, f,(*), associated therewith.

[0073] As will be described in further detail later herein, in this example, the first, second and third transfer functions,
f1(*), fo(*), f5(*), represent fibre sensitivity in terms of a relationship between phase variation and applied strain in respect
of a given longitudinal portion along each of the first, second and third optical fibres 302, 304, 306. In this respect, the
responses of the first, second and third optical fibres 302, 304, 306 can be defined, for example mechanically, by
manufacturing the fibres so as to differ by one or more of, for example, the following characteristics: coating, material,
outer layer, and/or gel.

[0074] As described previously, the optical source 202 is operably coupled to the modulator 208, which is operably
coupled to the amplifier 210. A first coupler 308 has an input operably coupled to an output of the amplifier 210. A first
output of the first coupler 308 is operably coupled to the first optical fibre 302 via the first circulator 220/310, the first
output of the first coupler 308 being coupled to a first port of the first circulator 310 and a second port of the first circulator
310 being coupled to the first optical fibre 302. A second output of the first coupler 308 is operably coupled to the second
optical fibre 304 via a second circulator 312, the second output of the first coupler 308 being coupled to a first port of
the second circulator 312 and a second port of the second circulator 312 being coupled to the second optical fibre 304.
A third output of the first coupler 308 is operably coupled to the third optical fibre 306 via a third circulator 314, the third
output of the first coupler 308 being coupled to a first port of the third circulator 314 and a second port of the third circulator
314 being coupled to the third optical fibre 306.

[0075] A third port of the first circulator 310 is operably coupled to the first coherent detection system 224/316 in the
manner already described above in relation to Figure 2. A third port of the second circulator 312 is operably coupled to
a second coherent detection system 318 and a third port of the third circulator 314 is operably coupled to a third coherent
detection system 320, both in an analogous manner to that described above in relation to the first circulator 310.
[0076] As described above, the first coherent detection system 316 is coupled to the first sampling module 235/322
as described above in relation to Figure 2. The second coherent detection system 318 is coupled to a second sampling
module 324, and the third coherent detection system 320 is coupled to a third sampling module 326. The second and
third sampling modules 324, 326 are structured in a like manner as the first sampling module 322. In this respect, they
both respectively comprise a filter coupled to an amplifier, the amplifier being coupled to an ADC in the manner described
above in relation to Figure 2. In this example, the combination of a coherent detection system and a corresponding
sampling module constitutes an optical signal converter.

[0077] The respective outputs of the first, second and third sampling modules 322, 324, 326 are each operably coupled
to the acquisition apparatus 328, consistent with the coupling of the first sampling module 235/322 described in Figure 2.
[0078] In common with the example of Figure 2, the modulator 208 is coupled to the IF gate 214, which is coupled to
the IF source 212 and the trigger 216. The trigger 216 is coupled to the acquisition apparatus 328. In this example, the
IF source 212 is coupled to the clock 217, which has three outputs: a first output of the clock 217 is coupled to the first
sampling module 322, consistent with the example of Figure 2, a second output of the clock 217 is coupled to the second
sampling module 324, and a third output of the clock 217 is coupled to the third sampling module 326.
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[0079] The optical source 202 is also coupled to an input of a second coupler 331, a first output of the second coupler
331 being coupled to the first coherent detection system 316 as described above in relation to Figure 2. A second output
of the second coupler 331 is coupled to the second coherent detection system 318 and the third output of the second
coupler 331 is coupled to the third coherent detection system 320.

[0080] The acquisition apparatus 328 may be provided using a suitable processor, for example a general purpose
processor or microcontroller, and associated memory device(s) for performing processing functions, such as normali-
sation of the acquired data, data averaging, storage in the data storage unit (not shown), signal reconstruction and/or
display to a user or operator of the system.

[0081] Referring to Figure 4, it should be appreciated that the block diagram of the acquisition apparatus 328 is not
inclusive of all components of such an apparatus, butis only representative of many example components. The apparatus
328 is located within a housing (not shown). The apparatus 328 can be, for example, a general-purpose computing
apparatus, for example a Personal Computer (PC), or any other suitable computing device. The apparatus 328 includes,
in this example, a processing resource, for example a processor 400, coupled to an input device 402 via an input device
interface (not shown) and a display device, for example a display screen 404 via a display driver (also not shown).
Although reference is made here to the input device 402 in the singular, the skilled person should appreciate that the
input device 402 represents any number of input devices, including a keyboard device, mouse, trackball, voice input
device, touch panel and/or any other known input device utilized to input information. Likewise, the display screen 404
can include any type of display screen, for example a Liquid Crystal Display (LCD). As is common with such computing
apparatus, the processor 400 supports a Graphical User Interface (GUI) that operates in conjunction with the input
device 402 and the display screen 404.

[0082] The processor 400 is operably coupled to and capable of receiving input data from input device 402 via a
connection 406, and operatively connected to the display screen 404 and optionally to an output device 408, viarespective
output connections 412, to output information thereto. The output device 408 is, for example, an audible output device,
such as a loudspeaker. The processor 400 is operably coupled to a memory resource 414 via internal connections 416,
for example address and data buses, and is further adapted to receive/send information from/to input/output (I/O) ports
418 via connection 420. In this example, the ports 418 are operably coupled to the first, second and third sampling
modules 322, 324, 326 of Figure 3. The memory resource 414 comprises, for example, a volatile memory, such as a
Random Access Memory (RAM) and a non-volatile memory, for example a digital memory, such as a flash memory. A
storage device, for example a hard disc drive 422, or a solid state drive, is also operably coupled to the processor 400
to provide high-capacity data storage capabilities.

[0083] Turning to Figure 5, the processor 400 of the acquisition apparatus 328 loads an operating system 430 from
the memory resource 414 and/or the hard drive 422 for execution by functional hardware components 432, which provides
an environment in which application software 434 can run. The operating system 430 serves to control the functional
hardware components 432 and resides between the application software 434 and the functional hardware components
432. The application software 434 provides an operational environment including the GUI mentioned above that supports
core functions of the acquisition apparatus 328, for example a strain signal reconstruction module 435.

[0084] As mentioned above, the operational environment supports application software. In one example set forth
herein, the performance of strain signal reconstruction uses the application software 434. However, the skilled person
will appreciate that the methods set forth herein need not be implemented in software and other hardware-based tech-
niques can be employed, for example use of programmable hardware, such as Field Programmable Gate Arrays (FPGAs)
or customizable integrated circuits, such as Application-Specific Integrated Circuits (ASICs). It will, nevertheless, be
apparent to the skilled person that a software-oriented approach can be more elegant than a pure hardware approach.
[0085] Referring to Figure 6, a measurement processing unit, for example the strain signal reconstruction module or
apparatus 435, is capable of communicating with the first, second and third sampling modules 322, 324, 326 via the 1/0
ports 418 of the acquisition apparatus 328 for receiving sampled IF current signals, x;(n), in respect of the first, second
and third optical fibres 302, 304, 306. The I/O ports 418 are operably coupled to a phase detector or extractor 436. In
this example, the phase detector 436 is configured to detect phases in respect of the sampled IF current signals, x;(n),
but also to differentiate the phases detected. The phases are detected, for example using a Fast Fourier Transform
algorithm. The phase detector 436 is operably coupled to a phase processing unit, for example, a phase unwrapper
438. A preconditioning signal generator 440 is coupled to the output of the phase unwrapper 438 and a signal combiner
unit442 having a signal output444. A control unit446 is operably coupled to the phase unwrapper 438, the preconditioning
signal generator 440, and the signal combiner unit 442.

[0086] In general, the technique for detecting phase in the backscatter signal, such as for measuring changes in local
strain along the length of the sensing fibre 221 (Figure 2), can be summarized as follows. The optical output of a highly-
coherent optical source, for example the source 202, is divided between two paths, for example the paths 204 and 206.
Optionally, the carrier frequency of the signal in one or both of the paths may be frequency shifted to ensure that the
carrier frequencies of the optical signals in the two paths differ by a known amount.

[0087] Regardless of whether frequency-shifting is employed, the signal in the first path 204 is modulated to form a
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pulse, which optionally may be amplified. The pulse is then launched into the sensing fibre 221, which generates a
backscatter signal in response to the pulse. The backscatter signal returned is separated from the forward-traveling light
launched into the sensing fibre 221 and then mixed with the light in the second path 206 onto at least one photodetector
to form a mixed output signal, such as an intermediate frequency (IF) signal. In embodiments in which there is no
frequency shift, this IF is at zero frequency. After pre-processing the output signal by filtering and amplification, the
output signal is converted to the digital domain by sampling the output signal. In this example, the IF source 212 (Figure
2) generates the driving signal used to shift the relative frequencies of the local oscillator and the backscatter signals
by a known amount and which is related to the frequency of the driving signal. The IF source 212 can therefore also be
fed to the phase detector 436 to serve as an external reference. Thus, the phase detector 436 provides an output that
is proportional (modulo 2r/360°) to the phase-difference between the backscatter signal (mixed down to IF) and the
reference from the IF source 212.

[0088] Using a Fast Fourier Transform (FFT), and based on a known speed of light in the sensing fibre 221, the phase
of the sampled IF output signal at selected locations along the fibre can be extracted and measured. The difference in
phase between locations separated by at least one arbitrary distance interval along the sensing fibre 221 can be calcu-
lated. As an example, the phase may be measured at locations every meter along the sensing fibre 221 and the phase
difference may be determined between locations separated by the arbitrary distance, for example a ten meter interval,
such as between all possible pairs of locations separated by ten meters, a subset of all possible pairs of locations
separated by ten meters, etc. Finally, at least one more optical pulse is launched into the sensing fibre and the resulting
mixed output signal is sampled, the phase information at locations along the fibre is extracted, and the phase differences
between locations are determined. A comparison is then performed of the phase differences as a function of distance
(obtained based on the known speed of light) along the sensing fibre 221 for at least two such probe pulses. The results
of this comparison can provide an indication and a quantitative measurement of changes in strain at known locations
along the sensing fibre 221. The above processing is also implemented in respect of sampled output signals associated
with the second and third optical fibres 304, 306. However, as will be described later herein, the phases calculated are
then unwrapped as part of a method of reconstruction of a strain signal.

[0089] Althoughthe foregoingdiscussion has described the cause of changes inthe phase-difference of the backscatter
signal as being strain applied to or experienced by the optical fibre 221, other parameters, such as temperature changes,
also have the ability to affect the differential phase between sections of the sensing fibre 221. With respect to temperature,
the effect of temperature on the sensing fibre 221 is generally slow and can be eliminated from the measurements, if
desired, by high-pass filtering the processed signals. Furthermore, the strain on the sensing fibre 221 can result from
other external effects than those discussed above. For instance, an isostatic pressure change within the sensing fibre
221 can result in strain on the sensing fibre 221, such as by pressure-to-strain conversion by a coating of the sensing
fibre 221.

[0090] Regardless of the source of the change in phase differentials, phase detection may be implemented in a variety
of manners. In the embodiments set forth herein, the phase detection is performed by digitizing the IF signal and extracting
the phase from the digitized signal. However, the phase detection may be carried out using analogue signal processing
techniques, if desired.

[0091] In operation (Figures 7 and 8), and in overview, an acoustic wave 316 (Figure 3) is generated, for example by
a microseismic event, and propagates towards the cable 300. The acoustic wave 316 is incident upon the cable 300
and each of the first, second and third optical fibres 302, 304, 306 respond to the acoustic wave 316 differently owing
to the different sensitivities of the first, second and third optical fibres 302, 304, 306. In this example, the first optical
fibre 302 is the least sensitive and the third optical fibre 306 is the most sensitive. The second optical fibre 304 has a
sensitivity that is between the sensitivities of the first and third optical fibres 302, 306. As such, the less sensitive the
optical fibre, the larger the change in the acoustic signal that can be detected without saturation, but smaller acoustic
signals lie below a noise floor of the measuring OTDR system 200 using the less sensitive optical fibres, for example
the first optical fibre 302, and so cannot be recovered from the backscattered light generated by the less sensitive optical
fibres.

[0092] In contrast, the more sensitive the optical fibre, the more prone the optical fibre is to generating an output signal
that is saturated by backscattered light attributable to the changes in large acoustic signals. In the phase domain, and
for more sensitive optical fibres, this results in optical signals generated by large strain variations induced by large
changes in acoustic signals having phases that are wrapped multiple times, the number of times being indeterminable
using a conventional phase unwrapping algorithm, and so the phase cannot be properly unwrapped and the resultant
unwrapped phase signal is aliased with incorrectly unwrapped phase information.

[0093] Nevertheless, in the embodiments described herein, the respective backscattered optical signals generated
by the first, second and third optical fibres 302, 304, 306, respectively, in response to the acoustic wave 316 can be
analysed in accordance with a method of processing a strain measurement signal described herein in order to extract
useful signals representing strain sensed. In this respect, the first, second and third coherent detectors 316, 318, 320
generate output signals that, following sampling by the respective first, second and third sampling modules 322, 324,
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326, can be further processed in order to reconstruct an estimate of a strain signal corresponding to a strain effectively
applied to each of the first, second and third optical fibres 302, 304, 306 irrespective of their respective sensitivities.
[0094] In one embodiment, preceding phase signal estimate(s) in respect of an optical fibre is/are used to precondition
a phase signal estimate in respect of a strain experienced by a succeeding, more sensitive, optical fibre. In the context
of the first, second and third optical fibres 302, 304, 306, a first estimated phase signal in respect of the first optical fibre
302 is used to precondition a second estimated phase signal in respect of the second optical fibre 304. Likewise, the
firstand second phase estimates generated in respect of the firstand second optical fibre 302, 304 are used to precondition
a third estimated phase signal in respect of the third optical fibre 306.

[0095] As a result of the acoustic wave 316 being incident upon the first, second and third optical fibres 302, 304, 306,
a time-varying applied strain, s(t), is applied (Step 450) to each of the first, second and third optical fibres 302, 304, 306
in respect of a given longitudinal position along each of the first, second and third optical fibres 302, 304, 306. As
described above, respective pulsed signals are used to interrogate (Step 452) the first, second and third optical fibres
302, 304, 306, resulting in the first, second and third coherent detectors 316, 318, 320 respectively generating (Step
454) a first time-varying IF current output signal, x4(t), responsive to the applied strain signal, s(t), a second time-varying
IF current output signal, x,(t), responsive to the applied strain signal, s(t), and a third time-varying IF current output
signal, x3(t), responsive to the applied strain signal, s(t). The time-varying IF current signals, x;(t), are then sampled
(Step 456) by the first, second and third sampling modules 322, 324, 326. In this example, first, second and third sampled
signals, x4(n), Xo(n), X5(n), are provided by the first, second and third sampling modules 321, 324, 326 and constitute
measured signals having respective gains associated therewith corresponding to the transfer functions of the optical
fibres. As will be appreciated by the skilled person, representation of the first, second and third sampled signals, x4(n),
Xo(N), X3(n), in their actual form will result in an overly complicated description of the embodiments herein. Consequently,
for the sake of conciseness and clarity of explanation, the sampled IF output signal, x;(n) can be represented notionally,
using complex notation, as:

x(n)= 1% (1)

Where the index, i, refers to the corresponding ith optical fibre and @(n) is, in this example, an ith differential phase of
the it IF current signal between two predetermined locations along the ith optical fibre. However, it should be appreciated
that in common with the exemplary waveform used above, the actual sampled signal possesses a phase, which would
be detected by the phase detector 436.

[0096] Since the applied strain in respect of the optical fibres 302, 304, 306 is a function of time, which in the digital
domain can be expressed as s(n), it therefore follows that the phase of the IF current signal sampled in respect of each
of the first, second and third coherent detectors 316, 318, 320 corresponding to the first, second and third optical fibres
302, 304, 306 is dictated by the transfer function of each of the first, second and third optical fibres 302, 304, 306 as a
function of the applied strain signal, s(n). Indeed, the phase response, ®;(n), of the ith optical fibre can be expressed
using the transfer function of the ith optical fibre and the time-varying applied strain signal, s(n):

®i(n) = fi(s(n)) (2)

Where the ith strain signal is an estimate, gi(n), the estimated phase can be expressed as:

®i(n) =£,(&(m) (3)

[0097] In this example, only the gain/sensitivity differ between optical fibres and so the transfer function of each optical
fibre, fi(+), can be treated as a scalar for each optical fibre, i.e. fi(*) = g;. Nevertheless, the skilled person will appreciate
that the transfer function can be a more complicated function than a simple scalar multiplier. However, in view of the
present simplification, the phase in the exponent of equation (2) can be rewritten as:

®i(n) = gi * s(n) (4)

[0098] As mentioned above in relation to the first optical fibre 302, the first coherent detector 316 generates (Step
454) the first IF current signal which is received by the first sampling module 322. The first sampling module 322 samples
(Step 456), the first IF current signal to yield the first sampled IF signal, x4(n). The first sampling module 322 provides
the first sampled IF signal, x4(n), to the phase detector 436 that detects (Step 458), sometimes referred to as "extracts",
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phase information in the first sampled IF signal, x4(n), in the form of a first detected phase signal, ®(n), which is wrapped.
The phase detector 436 also performs the same functionality in respect of the second sampled IF signal, x4(n), and the
third sampled IF signal x,(n) (Step 458). As mentioned above, the phases extracted by the phase detector 436 are in
modulo 27/360° form and so require unwrapping. In this respect, the control unit 446 instructs (Step 460) the phase
unwrapper 438 to apply a phase unwragping algorithm to the first detected phase signal, ®,(n), in order to yield an
estimated first unwrapped phase signal, ®4(n), which is an estimate of an unwrapped version of the first wrapped phase
signal, ®,(n), taking noise into account.

[0099] Given the relationship between phase and strain expressed in equations (2) and (3) above, the strain detected

A 1
by the first optical fibre 302 can be estimated, s4(n), by applying the inverse of the first transfer function, f-1 O, to the
first estimated phase signal, ®4(n). Indeed, more generally, as the transfer function of each optical fibre is known, for

1 —
fi (CD- n )
example as expressed in equation (4) above, the inverse of the transfer function, ! '( ) can be used to obtain

an estimate of the strain measurement signal, gi(n), sensed by the ith optical fibre.

A (=

f (CD n )
[0100] In relation to the first optical fibre 302, the inverse of the first transfer function, 1 1( ) is emAponed by
the preconditioning signal generator 440 in order to obtain an estimate (Step 462) of the first strain signal, s4(n). The

estimate of the first strain signal, §1(n), is communicated to the signal combiner 442, the function of which will be described

later herein in greater detail.

[0101] The estimate of the first strain signal, §1(n), once determined, can also be used to precondition the phase
unwrapPing process performed by the phase unwrapper 438 in order to determine an estimate of the second strain
signal, s,(n), in respect of the second optical fibre 304.

[0102] Having calculated a first estimate of the strain signal, §1(n), in respect of the first optical fibre 302, the control
unit 446 advances (Step 464) a record of a current fibre in respect of which a strain signal is being estimated. In this
example, the control unit 446 increases a counter, i, which was initially set to 1, by unity so that the counter, i, is now
equal to 2. The strain signal is therefore now being estimated in respect of the second optical fibre 304. As mentioned
above, the second sampling module 324 generates (Step 456) the second sampled IF signal, x,(n) and the phase
detector 436 detects (Step 458) the phase in respect of the second sampled IF signal, x,(n), and calculates the second
differential phase, ®,(n). However, in order to be able to unwrap the second phase signal, ®,(n), the control unit 446
coordinates preconditioning of the second phase signal, ®,(n), prior to unwrapping.

[0103] In this example, the preconditioning is implemented by using the preconditioning signal generator 440 firstly to
apply (Step 466) the second transfer function, fy(-), to any previously summarised estimated strain signals. In this
example, so far, processing has only taken place in respect of the first optical fibre 302 and so only the first estimated
strain signal, §1(n), is available to serve as the sum of any previous estimated strain signals. Consequently, the second
transfer function, f,(+), is applied (Step 466) by the preconditioning signal generator 440 to the estimated first strain
signal, §1(n), in order to obtain the estimated phase signal, f2(§1(n)), in respect of the sensitivity of the second optical
fibre 304. This can then be used to precondition the detected second phase signal, ®,(n), prior to unwrapping for the
following reasons.

[0104] In order to remove the influence of fast signal variations, the detected strain signals of preceding optical fibre
of lesser sensitivity can be used, because the estimated strain signals associated with the preceding optical fibres are
only capable of sensing fast signal variations and not more subtle, slower, signal variations. Fast and slow are, of course,
relative terms, but the points of reference are the current optical fibre and those preceding it, which have respective
lower sensitivities. However, the influences of fast signal variations are represented in the estimated strain signals
associated with lesser sensitive optical fibres without representing slower signal variations. As such, this information
can be used to isolate the phase components associated with slower signal variations that cannot be sensed by the
preceding optical fibres but can be sensed by the current optical fibre.

[0105] As mentioned above, sampled IF signals can be expressed in the form of equation (1), i.e. as exponentials.
Given that the product of exponentials can be simplified as a single exponential having an exponent that is the sum of
the exponents of the individual exponential terms of the product:

ej(a+b) = eja ejb

this can be used to express a current sampled IF signal, x;(n), comprising signal components in common with sampled
IF signals in respect of preceding optical fibres and signal components of interest (because the strain signal(s) has/have
already been estimated in respect of less sensitive fibres). This can be expressed as:
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gI®P1()  gi®(n)  o®i(n)
This can be simplified to:

e i(@1(M+d(n)+...+di(n))

[0106] Ittherefore follows that removal of unwanted phase terms can be achieved by modifying the sign of the exponent
of the unwanted terms, i.e.

el(®1(M+...+®; 4 (M)

[0107] Hence, by applying this signal to a current sampled IF signal, x;(n), yields a preconditioned sampled IF signal,
which when unwrapped and processed in relation the inverse of the transfer function, fi(-), of the current optical fibre, i,
allows an estimate of the strain signal, gi(n), to be generated only in respect of the rate of signal variations to which the
current optical fibre, i, is sensitive. In this respect, a preconditioned sampled IF signal, Qi(n), can be expressed as:

%)= x(n) P+ )

)
[0108] As has been explained above, the prAwase unwrapper 438 generates an estimate of phase signals, (Ii)i(n), which

are translated into estimates of strain signals, s;(n), by the preconditioning signal generator 440 using the inverse transfer
function of each optical fibre. Hence, equation (5) can be expressed as:

%(n) = x;(n) ejfi<ﬁ-11 ($i-1 (n))+ﬁ.1z($i.z(n))+___+r11 (@1 (n)))

- x(n) ejfi(éi_1 OFEROITENGY

[0109] This can be expressed with a summation series as:

%i(n)= x;(n) eifi(Zik'L 8(m) ©)

[0110] Expressed in words, the phase term of the preconditioning term of equation (6) above is the transfer function
of the current optical fibre, i, applied to the sum of the estimates of the strain signals in respect of the preceding optical
fibres (i=1, ..., F-1). In this respect, due to the property of multiplied exponentials explained above, in the phase domain,
equation (6) above constitutes the subtraction of the phase signals calculated in respect of the preceding optical fibres
(i=1, ..., F-1) from the phase detected in respect of the current optical fibre, i, (because x;(n) = ei®(M).

[0111] Furthermore, in relation to the application of transfer functions, in this example, f,() is a scalar g;, and so
application of the transfer functions in equation (6) above can be expressed in terms of scalars as follows:

5 i(ZKL Sy m)
%i(n)= xi(n)e< 1 5,0

[0112] - Hence, in the context of the first and second optical fibres, 302, 304, the preconditioned second sampled IF
signal, x,(n), is given by:

9y
~ j==®1(n)
% (N)=x(n) €%
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where x,(n) is the sampled second IF signal received by the phase detector 436.

[0113] Returning to the example of Figure 8, having instructed the precondltlonlng signal generator 440 to apply the
second transfer function, fy(-), to the first estimate of the strain signal, s1(n) the control unit 446 instructs the precondi-
tioning signal generator 440 to obtain from the phase unwrapper 438 the phase detected by the phase detector 436 in
respect of the second optical fibre 304 and to subtract (Step 468) the phase, calculated by application of the second
transfer function to the first estimate of the strain signal, §1(n), from the phase signal generated by the phase detector
436 in respect of the second optical fibre 304. The preconditioning phase generator 440 is then instructed to communicate
the subtracted phase signal to the phase unwrapper 438. The phase unwrapper 436 is then instructed by the control
unit 446I\to unwrap (Step 470) the subtracted phase signal, constituting a preconditioned phase signal. The estimated
phase, (D,-®4), is then communicated back to the preconditioning signal generator 440, where the inverse of the second
transfer function, f2( ), associated with the second optical fibre 304, is applied (Step 472) to the unwrapped preconditioned
phase signal, ((I)2 1)- The application of the inverse of the second transfer function, f2 1(), to the estimate of the
unwrapped preconditioned phase signal, ((I)2 (D1) yields an estimate of the strain signal, sz(n) in respect of the second
optical fibre 304, butin particular in relation to the rate of signal variations to which the second optical fibre 304 is sensitive
but not any of the preceding optical fibres. Subsequently, the control un|t446 instructs the preconditioning signal generator
440 to communicate (Step 474) the second estimate of the strain signal, sz(n) to the signal combiner 442 for summation
W|th any previously summed estimates of the strain signal. In this example the second estimate of the strain signal,
sz(n) is therefore summed with the first estimate of the strain signal, s1(n) stored by the signal combiner 442.

[0114] The control unit 446 then determines (Step 476) whether signals from subsequent optical fibres need to be
processed in respect of the current acoustic signal 316. In this current example, the third optical fibre 306 has the third
sampled IF signal, x3(n), associated therewith that requires processing and so the control unit 446 advances (Step 464)

the counter, i, to correspond to processing of the third sampled IF signal, x3(n). In this regard, the third sampling unit
326 generates the third sampled IF signal, x5(n). As described above in relation to the second optical fibre 304, the
signal combiner 442 has generated a sum of the first estimate of the strain signal §1(n), and the second estimate of the
strain signal, gz(n) The preconditioning signal generator 440 applies (Step 466) the third transfer function, f5(-), in respect

of the third optical fibre 306 to the sum of the precedlng estimated sample signals, i.e. the estimated first strain signal,
s1(n) and the second estimate of the strain signal, sz(n) at this stage of this example, in order to yield the preconditioning

phase component signal, f3(s1(n)+sz(n)), in respect of the response of the third optical fibre 306. In order to precondition
the third phase signal, ®5(n), generated by the phase detector 436, the phase unwrapper 438 communicates the extracted
third phase signal, ®5(n), to the preconditioning signal generator 440, which subtracts (Step 468) the preconditioning
phase component signal, ((’1\31(n)+(’1\>2(n)), from the third phase signal ®5(n) in order to yield a preconditioned phase signal

thatis communicated back to the phase unwrapper 438 by the preconditioning signal generator 440. Th\e plhasle unwrapper
438 then unwraps (Step 470) the preconditioned phase signal to yield a third estimate of phase, (©5-®,-®,), which is

then communicated back to the preconditioning signal generator 440 where the inverse of the third transfer function,

1
» associated with the third optical fibre , is applie ep o the unwrapped preconditioned phase signal,
]:-3(),\ iated with the third optical fibre 306, i lied (St 4}72tth d ditioned ph ignal
D5(n)-(Py(n)+d4(n)), to yield a third estimate of the strain signal, s3(n), in respect of the third optical fibre 306, but in

particular in relation to the rate of signal variation to which the third optical fibre 306 is sensitive but not any of the
preceding optical fibres.

[0115] The control unit 446 then instructs (Step 474) the preconditioning signal generator 440 to communicate the
third estimate of the strain signal, s3(n) to the signal combiner 442 for summatlon with any previously summed estimates
of the strain signal. In this example, the th|rd estlmate of the strain signal, s3(n) is summed with the sum of the first and
second estimates of the strain signal, (s1(n)+sz(n)) already stored by the signal combiner 442. Thereafter, the control
unit 446 determines (Step 476) whether sampled IF signals in respect of all optical fibres have been analysed in respect
of the current acoustic signal 316. In this example, analysis of all the sampled IF signals is determined to be complete
and so the control un|t 446 instructs the signal combiner 442 to output (Step 478) the current sum of estimated strain
S|gnals (s1(n)+sz(n)+s3(n)) as a reconstruction of an estimate of the strain signal, s(n) The reconstructed strain signal,
s(n) can be saved and used subsequently for seismic imaging, for example for microseismic monitoring or vertical
seismic profiling applications.

[0116] It should be appreciated that the first, second and third estimates of the strain signal, s1(n) sz(n) s3(n) re-
spectively relate to backscattered light generated by the first, second and third optical fibres 302, 304, 306 associated
with their respective sensitivities to strain applied to them. The above process is repeated in respect of subsequent
acoustic signals incident upon, and hence strain experienced by, the fibre optic sensor 102. If desirable, an addltlonal
processmg step performed by the signal combiner 442 can be to apply a filter to each of the strain estimates, s1(n)
sz(n) §3(n) to remove signal components that are below the dynamic range of each respective optical fibre. For example,
the first estimate of the strain signal, s1(n) may have small signal components that are outside the dynamic range of
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the first optical fibre, attributable to laser or thermal noise. These signal components might be similar in amplitude to the
second and third estimates of the strain signal, gz(n) and §3(n), and so should therefore be removed. A possible filter
implementation can be to remove all frequency components with an amplitude below a predetermined amplitude threshold
related to the system dynamic range.

[0117] In order to understand operation of the strain signal reconstruction apparatus 435 further, reference will now
be made to Figure 9 in relation to the first and second optical fibres 302, 304.

[0118] The acoustic signal 316 exerts a strain, s(t), upon the fibre optic sensor 102. In this example, the second optical
fibre 304 is eight times more sensitive than the first optical fibre 302. Both the first and second optical fibres 302, 304
are exposed to the acoustic signal 316. However, due to the different sensitivities, the first optical fibre 302 is less
sensitive to slower strain variations and so the first sampled IF signal 500 (x4(n)) generated by the first sampling module
332 in respect of the first optical fibre 302 does not comprise small current variations corresponding to slower signal
variations of the strain signal, s(t), but instead only comprises larger current variations corresponding to faster signal
variations of the strain signal, s(t), as a result of this lower sensitivity.

[0119] The second optical fibre 304 is more sensitive than the first optical fibre 302 and so the second sampled IF
signal 502 (x,(n)), generated by the second sampling module 324 in respect of the second optical fibre 304 is of sufficiently
high sensitivity to comprise small current variations corresponding to slow signal variations of the strain signal, s(t). In
this respect, a given phase signal derived from a sampled IF signal can be considered as a consolidation of one or more
(if present) preceding phase signals(s) and an additional phase signal, which is unrecoverable from the preceding
sampled IF signal(s) due to insensitivity of the preceding respective optical fibres to aspects of the acoustic wave 316
associated with the additional phase signal.

[0120] The phase detector 436 next detects the phase of the first and second sampled IF signals 500, 502 which result
in the first wrapped phase signal 504, ®4(n) and the second wrapped phase signal 508, ®,(n), wrapped in the phase

domain. The first wrapped phase signal 504, ®4(n), is subsequently unwrapped by the phase unwrapper 438 using a
phase unwrapping algorithm, constituting a predetermined processing technique, to yield the estimated first unwrapped

phase signal 506, (D1(n) The inverse of the first transfer function, 1 ( )’ is then applied to the first unwrapped phase
estimate signal 506, (D 41(n), in order to obtain a first estimate of the strain signal, s1(n) in respect of the first optical fibre
302. The first estimate of the strain signal, s1(n), is then used by the signal combiner 442 in order to reconstruct an

estimate of the strain signal, g(n) by generatinq a composite signal, as will be described later herein.

[0121] The first estimate of the strain signal s4(n), in respect of the first optical fibre 302 is absent of smaller strain
variations and so in order to reconstruct the strain signal, s(n) in a more complete manner it is necessary to obtain a
phase signal in respect of the slower strain variations sensed by the second optical fibre 304, because the second optical
fibre 304 is more sensitive than the first optical fibre 302. In this regard, the second phase signal 508, ®,(n), comprises
the first phase signal, ®4(n), and the additional phase signal mentioned above that is associated with the sensitivity of
the second optical fibre 304, the two being indistinguishable from one another in the phase domain. Consequently, if
the phase detector 436 were simply to extract the phase from the second sampled IF signal 502, x,(n), without any
preconditioning being performed by the preconditioning signal generator 440, owing to the increased sensitivity of the
second optical fibre 304 and the rate of change of parts of the strain signal measured, the wrapped unpreconditioned
second phase signal, ®,(n), would be aliased and so the phase unwrapper 438 would subsequently be unable to unwrap
the unpreconditioned second phase signal 508, ®,(n).

[0122] However, the predetermined processing technique mentioned above employs a priori knowledge of the large
signal variations of the strain signal, s(t), that cause saturation of the second unwrapped phase signal, ®,(n), in order
to enable the phase unwrapper 438 to process, including unwrap, the second phase signal 508, ®,(n), substantially free
of the effects of the faster strain variations. This unwrapped phase signal of intgrest is obtained as follows.

[0123] As described above, the unwrapped first estimated phase signal 508, ®4(n), has been obtained and converted
to the first estimate of the strain signal, §1(n). This signal represents the fast strain variations free of the small strain
variations, because the first optical fibre 302 is insensitive to the slow strain variations. The first estimate of the strain
measurement signal, §1(n), can therefore be used as the a priori knowledge to reconstruct an a priori estimate of the
phase signal associated with the faster strain signal variations aliased with the second phase signal 508, ®,(n), and to
detect the superimposed smaller signals associated with sIower strain variations. To achieve this, the second transfer
functlon fo(+), is applied to the first estimate of the strain signal, s1(n) in order to translate the flrst estimate of the strain
signal, s1(n) back into the phase domain as the unwrapped first estimated phase signal 506, (D1(n) albeltAas a result of
applying the response of the second optical fibre 304. The unwrapped first estimated phase signal 506, ®(n), is then
used by the preconditjoning signal generator 440 in accordance with equation (6) in order to generate the preconditioned
phase signal (®,(n)-®4(n)) that is provided to the phase unwrapper 438 to be unwrapped. The inverse of the second
transfer function, f2'1£-), is then applied to the estimated second phase signal 510, which is trAwe unwrapped preconditioned
phase signal (©,(n)-®4(n)) in order to obtain a second estimate of the second strain signal, s,(n), in respect of the second
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optical fibre 304 for the signal variations to which the second optical fibre 304 is sensitive.

[0124] The second estimate of the strain signal, gz(n), can then be used by the signal combiner 442 in combination
with the first estimate of the strain signal, §1(n), in order to generate a composite signal. In this respect, the first and
second estimates of the strain signal, §1(n) gz(n) are signals of different amplitude, which are combined by the signal
comblner 442 to yield the reconstructed strain signal 512, g(n) as well as an accumulation of the estimates of the strain
signal s(n) for generation of preconditioned phase signals in respect of subsequent sampled IF signals corresponding
respectively to subsequent optical fibres. In the above example, the third optical fibre is the subsequent optical fibre.
The reconstructed strain signal 512, g(n), comprises both the large signal variations sensed by the first optical fibre 302,
and the smaller signal variations sensed by the second optical fibre 304.

[0125] Referringto Figure 10, the signal combiner 442, using the principle of superposition, combines the first estimate
of the strain signal 506, s4(n), representing the fast signal variations with the second estimate of the strain measurement
signal 510, gz(n) representing the slow signal variations in order to y|eId the reconstructed strain signal 512, s(n)
[0126] In another embodiment, the reconstructed strain signal 512, s(n) is generated using a signal segmentation
approach. Turning to Figure 11, an alternative version of the strain signal reconstruction apparatus 435 is employed. In
this example, there is no initial need for extraction or unwrapping; these processing steps are performed once an
unsaturated IF current signal, x(n), over a time period of interest has been generated.

[0127] Insupportofthis approach, an alternative strain signal reconstruction apparatus 600 comprises a phase detector
602 having inputs for receiving first, second and third sampled IF signals, x4(n), Xo(n), X3(n), from each of the first, second
and third sampling modules 322, 324, 326, respectively. In this example, the preconditioning signal generator 440 of
Figure 6 is not employed. An output of the phase detector 602 is operably coupled to an input of a phase unwrapper
604, which together constitute a phase signal generator. An output of the phase unwrapper 604 is operably coupled to
an input of a signal analyser 606 comprising a data store 608 for permanently or temporarily storing received signals
and/or processing-related parameters. The signal analyser 606 is operably coupled to a control unit 610 and a strain
signal estimator 612, which is also coupled to the control unit 610. An output of the strain signal estimator 612 is operably
coupled to a signal combiner 614, the signal combiner 614 having an output and also being operably coupled to the
control unit 610.

[0128] In operation (Figure 12), each of the first, second and third sampling modules 322, 324, 326 respectively
generate afirstIF sampled signal, x4(n), a second IF sampled signal, x,(n), and a third IF sampled signal, x3(n), constituting
first, second and third signals, which are received (Step 650) by the phase detector 602 following the acoustic signal
316 being incident upon the first, second and third optical fibres 302, 304, 306. The phase detector 602 then detects
(Step 652) the phase of each of the first, second and third sampled IF signals, x4(n), x5(n), X3(n), to yield respective first,
second and third wrapped phase signals, ®4(n), ®,(n), ®3(n). The first, second and third wrapped phase signals, ®4(n),
®,(n), D5(n), are then communicated to the phase unwrapper 604, which subjects each of the first, second and third
wrapped phase signals, ®4(n), ®,(n), ®3(n), to an unwrapping algorithm in orderto unwrap (Step 654) and yield respective
estimates of theAflrst second and third unwrapped phase signal, (D1(n) (Dz(n) (D3(n) The first, second and third estimated
phase signals, ®4(n), (Dz(n) (D3(n) are then received by the signal analyser 606.

[0129] Thesignalanalyser606 comprises stored data concerning a power threshold value in respect of a predetermined
frequency band, which is used as a reference for comparison purposes to determine whether a given phase signal is
saturated, saturation constituting a predetermined selection criterion that is employed as described later herein. In this
example, the predetermined frequency band can be between about 500 Hz and about 1000 Hz. However, the skilled
person should appreciate that an upper limit does not have to be applied and so the term "frequency band" can embrace
frequencies above and/or equal to and above a predetermined threshold frequency value, for example by high-pass
filtering. By employing signal power thresholding in respect of the predetermined frequency band, for example, the signal
analyser 606 can identify which of the first, second or third optical fibres 302, 304, 306 is not experiencing, or is expe-
riencing least, signal saturation by the acoustic wave 316 incident upon each of the first, second and third optical fibres
302, 304, 306. The frequency component selection can be achieved by filtering the unwrapped phase signals.

[0130] In order to select an optimum phase signal from those available in respect of the first, second and third optical
fibres 302, 304, 306, a first time interval is firstly selected (Step 656) by the signal analyser 606 in accordance with a
predetermined tli\me interval siAze, and the power of each of the second and third, and (optionally) the first, estimated
phase signals, ®,(n), ®3(n), ®4(n), is calculated (Step 658) in respect of the selected time window and confined to
frequency components of the phase signals within the predetermined frequency band, for example the power of signal
frequency components within the predetermineAd frequency band. The signal analyser 606 then compares (Step 660)
the power of the third estimated phase signal, ®5(n), (in the manner calculated above) with the power threshold value
stored in the data store 608 in order to determine if the third optical fibre 306 is sensing a strain that is so large that the
third phase signal, ®3(n), is subject to saturation. In the event that the third phase signal, ®3(n), is determined to be
deemeq\ unsaturated, the signal analyser 606 communicates (Step 662) the acceptability of the third estimated phase
signal, ®3(n), to the control unit 610.

[0131] However, in the event that the signal analyser 606 determines (Step 660) that the third phase signal, ®3(n), is
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saturated, the signal analyser 606 proceeds to analyse the power of the second estimated phﬁse signal, 3)2(n), by
comparing (Step 664) the power of frequency components of the second estimated phase signal, ®,(n), complying with
the frequency band requirement with the power threshold value in order to determine if the second optical fibre 304 is
sensing a strain that is so large that the second phase signal, ®,(n), is subject to saturation. In the event that the second
phase signal, ®,(n), is determined (Step 664) to be g\nsaturated, the signal analyser 606 communicates (Step 666) the
acceptability of the second estimated phase signal, ®,(n), to the control unit 610. However, in the event that the signal
analyser 606 determines that the second phase signal, ®,(n), isA saturated, then the signal analyser 606 communicates
(Step 668) the acceptability of the first estimated phase signal, ®4(n), to the control unit 610, which is the signal relating
to the least sensitive of the first, second and third optical fibres 302, 304, 306

[0132] Once one of the first, second or third estlmated phase signals, (D1(n) (Dz(n) (D3(n) has been selected by the

signal analyser 606, the selected phase signal, (I)S(n), constituting a phase signal fragment, is communicated to the

strain signal estimator 612. The strain signal estirr]\ator 612 also receives from the control unit 610 an indication of the
optical fibre with which the estimated phase signal, ®4(n), is associated. Once the strain signal estimator 612 has received

an indication of the optical fibre with which the received selected unwrapped phase signal, (’I\DS(n), is associated, the

strain signal estimator 6/]2 selects and applies (Step 670) an inverse transfer function, 'i 0, to the estimated selected
phase signal received, ®.(n), that corresponds to the optical fibre indicated. Consequently, for example, if the second

estimated phase signal, ®,(n), was selected by the signal analyser 606, the strain signal estimator 612 applies the

inverse of the second transfer function, ( ) ' which corresponds to the second optical fibre 304, to the second estimated
phase signal, (Dz(n) The strain signal estimator 612 therefore outputs a strain estimate signal, sw(n) in respect of the

time window, w, currently being analysed.

[0133] In this example, the estimated strain signal sw(n) is communicated (Step 672) to the signal comblner 614,
which appends estimated strain signals received in order to reconstruct a contiguous estimated strain signal, s(n)
[0134] The controller 610 then determines (Step 674) whether signals have been received in respect of time internals
that still require analysis. In the event that further intervals remain to be analysed, the control unit advances (Step 676)
a time interval pointer and the above process is repeated (Steps 658 to 674) until all remaining time mtervals have been
analysed. However, if no more time intervals remain to be analysed, the estimated strain signal, s(n) is output on
instruction of the controller 610 and the above processing ends.

[0135] The above example selects output signals in a piece-wise manner, finding the most appropriate output signal
from amongst output signals respectively derived from a plurality of optical fibres. The time intervals employed can be
selected depending upon application needs. In this example, the time interval is between about 0.05s and about 0.1s,
or the time interval can be selected dynamically depending upon duration and/or severity of signal saturation.

[0136] It will be understood that the above disclosure provides many different embodiments, or examples, for imple-
menting different features of various embodiments. Specific examples of components and arrangements are described
above to simplify the present disclosure. These are, of course, merely examples and are not intended to be limiting.
Indeed, variations to the above embodiments are contemplated. For example, although the above embodiments have
been described in the context of active seismic surveying, the skilled person should appreciate that the apparatus and
methods set forth herein can be employed in relation to passive seismic monitoring, for example microseismic activity
detection, such as is sometimes employed in relation to hydraulic fracturing activities.

[0137] By way of further example, although the detectors of the above example operate in accordance with the hDVS
technique, the skilled person should appreciate that the optical measurement system can employ other detections
techniques in conjunction with the above examples, for example a DAS detection technique. As such, the phase-meas-
uring OTDR system 200 described above should be understood to be an example of an optical measurement system.
[0138] In the above example, and as mentioned above, the coherent detection systems in combination with the re-
spective sampling modules constitute optical signal converters. The examples set forth herein employ sampling of
analogue IF current signals. However, the skilled person will appreciate that sampling, and hence conversion, of the
electrical signal to the digital domain may take place after phase detection. In such circumstances, the optical signal
converters do not include the sampling modules.

[0139] It should be appreciated that references herein to "light", other than where expressly stated otherwise, are
intended as references relating to the optical range of the electromagnetic spectrum, for example, between about 350
nm and about 2000 nm, such as between about 550 nm and about 1400 nm or between about 600 nm and about 1000 nm.
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Claims

1. A method of processing strain measurements during fibre-optic sensing using a first sensor which is a first optical
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fibre (302):
characterized by:

providing a second sensor which is a second optical fibre (304) positioned for acoustic waves to be incident
on both the first and second optical fibres, wherein

the first optical fibre (302) has a first magnitude sensitivity associated therewith; the second optical fibre
(304) has a same direction of acoustic sensitivity as the first optical fibre and the second optical fibre has
a second magnitude sensitivity that is different to the first magnitude sensitivity;

measuring a first backscattered optical signal in respect of the first optical fibre and a second backscattered
optical signal in respect of the second optical fibre, wherein

the first measured signal has a first phase signal associated therewith;

the second measured signal has a second phase signal associated therewith that constitutes a consolidation
of the first phase signal and an additional phase signal, wherein the first phase signal and the additional
phase signal are indistinguishable from one another in the phase domain;

processing the first phase signal,

processing the second phase signal to obtain the additional phase signal; and constructing a strain meas-
urement signal using the processed first phase signal and the additional phase signal.

A method as claimed in Claim 1, wherein the first phase signal is processed using a predetermined processing
technique and the second phase signal is processed using the predetermined processing technique and/or wherein
the processing of the first phase signal is a phase unwrapping technique that yields unwrapped first phase signal
and the processing of the second phase signal is the phase unwrapping technique.

A method as claimed in Claim 1, wherein the processing of the first phase signal is a phase unwrapping technique
thatyields unwrapped first phase signal and the processing ofthe second phase signal is phase unwrapping technique
which:

employs an a priori phase signal or

employs an a priori phase signal wherein the a priori phase signal is the unwrapped first phase signal or
comprises subtracting an priori phase signal which is the unwrapped first phase signal from the determined
second phase signal.

A method as claimed in any one of claims 1 to 3, wherein the first measured signal has a first gain associated
therewith and the second measured signal has a second gain associated therewith, wherein the second gain is
larger than the first gain.

A method of reconstructing a strain signal, the method comprising the method of processing strain measurements
as claimed inany one of claims 2 to 4 wherein the construction of the strain measurement signal comprises summation
of a first estimate of the strain measurement signal corresponding to the first phase signal and a second estimate
of the strain measurement signal corresponding to the additional phase signal.

A method of processing strain measurements during fibre-optic sensing using a first sensor which is a first optical
fibre (302):

characterized by:

providing a second sensor which is a second optical fibre (304) positioned for acoustic waves to be incident
on both the first and second optical fibres, wherein

the first optical fibre (302) has a first magnitude sensitivity associated therewith;

the second optical fibre (304) has a same direction of acoustic sensitivity as the first optical fibre and
the second optical fibre has a second magnitude sensitivity that is different to the first magnitude
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sensitivity;

measuring a first backscattered optical signal in respect of the first optical fibre and a second backscattered
optical signal in respect of the second optical fibre, wherein the first measurement signal is in respect of a
plurality of contiguous time intervals, and the second measurement signal is also in respect of the plurality
of contiguous time intervals;

the method comprising:

generating a first unwrapped phase signal in respect of the first measurement signal;

generating a second unwrapped phase signal in respect of the second measurement signal;

selecting a phase signal fragment in respect of a first time interval of the plurality of contiguous time intervals
from one of the first unwrapped phase signal associated with the first sensor and the second unwrapped
phase signal associated with the second sensor in accordance with a predetermined criterion; and

using the selected phase signal fragment to construct a strain measurement signal.

7. Amethod as claimed in claim 6 wherein the predetermined criterion is signal saturation or wherein the predetermined
criterion is least saturation, and the method further comprises
measuring the signal saturation of the first unwrapped phase signal associated with the first sensor in respect of
the first time interval.

8. A method as claimed in claim 7, further comprising one of:

measuring power of the first unwrapped phase signal in respect of frequency components selected with respect
to a predetermined frequency band and in respect of the first time interval, or

measuring the signal saturation of the second unwrapped phase signal in respect of the first time interval of the
plurality of contiguous time intervals in response to the measurement of the signal saturation in respect of the
first unwrapped phase signal and the first time interval being indicative of the first unwrapped phase signal being
saturated in respect of the first time interval, or

measuring power of the first unwrapped phase signal in respect of frequency components selected with respect
to a predetermined frequency band and in respect of the first time interval, and measuring with respect to the
predetermined frequency band by filtering the first unwrapped phase signal in respect the predetermined fre-
quency band; or

measuring power of the first unwrapped phase signal in respect of frequency components selected with respect
to a predetermined frequency band and in respect of the first time interval, and determining whether the first
unwrapped phase signal is saturated in respect of the first time interval by comparing the measured power of
the first unwrapped phase signal with respect to a predetermined power threshold.

9. A fibre-optic measurement system comprising:
a first optical sensor which is a first optical fibre (302);
characterised in that the system further comprises:

a second optical sensor which is a second optical fibre (304) having a same direction of acoustic sensitivity as
the first optical fibre;

wherein the first optical fibre (302) has a first magnitude sensitivity associated therewith; and the second optical
fibre (304) has a second magnitude sensitivity associated therewith that is different to the first magnitude
sensitivity; and

a measurement processing unit (328) operably coupled to the first optical fibre (302) and the second optical
fibre (304) and arranged to receive a first backscattered optical signal in respect of the first optical fibre and a
second backscattered optical signal in respect of the second optical fibre,

wherein both signals arise from an acoustic wave incident on both the first and second optical fibres, the first
measured signal has a first phase signal associated therewith, and the second measured signal has a second
phase signal associated therewith that constitutes a consolidation of the first phase signal and an additional
phase signal, wherein the first phase signal and the additional phase signal are indistinguishable from one
another in the phase domain;

the measurement processing unit (328) being configured to process the first phase signal, process the second
phase signalto obtain the additional phase signal; and construct a strain measurement signal using the processed
first phase signal and the additional phase signal.
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10. A system according to claim 9 wherein the measurement processing unit (328) comprises:

a first optical signal converter (316) arranged to receive the first backscattered optical signal and to generate
the first measured signal in response thereto,

a second optical signal converter (318) arranged to receive the second backscattered optical signal and to
generate the second measured signal in response thereto;

aprocessingresource (400) arranged to support a phase detector (436), the phase detector (436) being arranged
to determine the first phase signal from the first measured signal;

a phase processing unit (438) supported by the processing resource (436) and arranged to process the first
phase signal; and

a signal combiner (442); wherein

the phase detector (436) is arranged to determine the second phase signal from the second measured signal,
wherein the first phase signal and the additional phase signal are indistinguishable from one another in the
phase domain;

the phase processing unit (438) is arranged to process the second phase signal to obtain the additional phase
signal; and

the signal combiner (442) is arranged to construct a strain measurement signal using estimated strain signals
respectively derived from the processed first phase signal and the additional phase signal.

11. A system as claimed in Claim 10, wherein the phase processing unit is a phase unwrapper (438) or wherein the
phase processing unit is a phase unwrapper (438) and the phase unwrapper is arranged to use an a priori phase
signal or wherein the processing resource (400) is arranged to subtract an a priori phase signal from the determined
second phase signal

12. A fibre-optic measurement system comprising:a first optical sensor which is a first optical fibre (302);
characterised in that the system further comprises:

a second optical sensor which is a second optical fibre (304) having a same direction of acoustic sensitivity as
the first optical fibre;

wherein the first optical fibre (302) has a first magnitude sensitivity associated therewith; and the second optical
fibre (304) has a second magnitude sensitivity associated therewith that is different to the first magnitude
sensitivity; and

a measurement processing unit (328) operably coupled to the first optical fibre (302) and the second optical
fibre (304) and arranged to receive a first backscattered optical signal in respect of the first optical fibre and a
second backscattered optical signal in respect of the second optical fibre,

wherein both signals arise from an acoustic wave incident on both the first and second optical fibres, the first
measured signal has a first phase signal associated therewith, and the second measured signal has a second
phase signal associated therewith that constitutes a consolidation of the first phase signal and an additional
phase signal, wherein the first phase signal and the additional phase signal are indistinguishable from one
another in the phase domain;

wherein the measurement processing unit (328) comprises a first optical signal converter (316) configured to
generate a first measurement signal in respect of a plurality of contiguous time intervals and associated with
the first sensor (302);

a second optical signal converter (318) configured to generate a second measurement signal in respect of the
plurality of contiguous time intervals and associated with the second sensor (304);

a phase signal generator (602 & 604) configured to generate a first unwrapped phase signal in respect of the
first measurement signal and a second unwrapped phase signal in respect of the second measurement signal;
a signal analyser (606) configured to select a phase signal fragment in respect of a first time interval of the
plurality of contiguous time intervals from one of the first unwrapped phase signal associated with the first sensor
and the second unwrapped phase signal associated with the second sensor in accordance with a predetermined
criterion; and

a signal combining unit (614) configured to use the selected phase signal fragment to construct a strain meas-
urement signal.

13. Asystemas claimedin Claim 12 wherein the predetermined criterion is signal saturation or wherein the predetermined

criterion is least saturation and/or wherein the signal analyser (606) is configured to measure the signal saturation
of the first unwrapped phase signal associated with the first sensor in respect of the first time interval.
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14. A system as claimed in Claim 13, wherein:

the signal analyser (606) is configured to measure power of each the first phase signal in respect of frequency
components selected with respect to a predetermined frequency band and in respect of the first time interval; or
the signal analyser (606) is configured to measure the signal saturation of the second unwrapped phase signal
in respect of the first time interval of the plurality of contiguous time intervals in response to the measurement
of the signal saturation in respect of the first phase signal and the first time interval being indicative of the first
unwrapped phase signal being saturated in respect of the first time interval; or

the signal analyser (606) is configured to measure power of each the first phase signal in respect of frequency
components selected with respect to a predetermined frequency band and in respect of the first time interval
and to measure with respect to the predetermined frequency band by filtering the first unwrapped phase signal
in respect of the predetermined frequency band; or

the signal analyser (606) is configured to measure power of each the first phase signal in respect of frequency
components selected with respect to a predetermined frequency band and in respect of the first time interval
and to determine whether the first unwrapped phase signal is saturated in respect of the first time interval by
comparing the measured power of the first unwrapped phase signal with respect to a predetermined power
threshold.

Patentanspriiche

1. Verfahren zum Verarbeiten von Dehnungsmessungen wahrend einer faseroptischen Erfassung unter Verwendung
eines ersten Sensors, bei dem es sich um eine erste optische Faser (302) handelt:
gekennzeichnet durch:

Bereitstellen eines zweiten Sensors, bei dem es sich um eine zweite optische Faser (304) handelt, die fir
Schallwellen positioniert ist, die sowohl auf die erste als auch die zweite optische Faser auftreffen sollen, wobei
die erste optische Faser (302) eine dieser zugeordnete Empfindlichkeit in einer ersten GrolRenordnung aufweist;
die zweite optische Faser (304) eine gleiche Schallempfindlichkeitsrichtung aufweist wie die erste optische
Faser, und die zweite optische Faser eine Empfindlichkeit in einer zweiten Gré3enordnung aufweist, die von
der Empfindlichkeit in der ersten GrélRenordnung verschieden ist;

Messen eines ersten riickgestreuten optischen Signals in Bezug auf die erste optische Faser und eines zweiten
rickgestreuten optischen Signals in Bezug auf die zweite optische Faser, wobei

das erste Messsignal ein diesem zugeordnetes erstes Phasensignal aufweist; das zweite Messsignal ein diesem
zugeordnetes zweites Phasensignal aufweist, das eine Konsolidierung des ersten Phasensignals und eines
weiteren Phasensignals darstellt, wobei das erste Phasensignal und das weitere Phasensignal voneinander in
der Phasendomane nicht unterscheidbar sind;

Verarbeiten des ersten Phasensignals,

Verarbeiten des zweiten Phasensignals, um das weitere Phasensignal zu erhalten;

und Konstruieren eines Dehnungsmesssignals unter Verwendung des verarbeiteten ersten Phasensignals und
des weiteren Phasensignals.

2. Verfahren nach Anspruch 1, wobei das erste Phasensignal unter Verwendung einer vorbestimmten Verarbeitungs-
technik verarbeitet wird, und das zweite Phasensignal unter Verwendung der vorbestimmten Verarbeitungstechnik
verarbeitet wird, und/oder wobei das Verarbeiten des ersten Phasensignals eine Phasenentpackungstechnik ist,
die ein entpacktes erstes Phasensignal ergibt, und das Verarbeiten des zweiten Phasensignals die Phasenentpa-
ckungstechnik ist.

3. Verfahren nach Anspruch 1, wobei das Verarbeiten des ersten Phasensignals eine Phasenentpackungstechnik ist,
die ein entpacktes erstes Phasensignal ergibt, und die Verarbeitung des zweiten Phasensignals eine Phasenent-
packungstechnik ist, die:

ein A-priori-Phasensignal verwendet, oder

ein A-priori-Phasensignal verwendet, wobei das A-priori-Phasensignal das entpackte erste Phasensignal ist,
oder

ein Subtrahieren eines A-priori-Phasensignals, bei dem es sich um das entpackte erste Phasensignal handelt,
vom ermittelten zweiten Phasensignal umfasst.
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Verfahren nach einemder Anspriiche 1 bis 3, wobeidas erste Messsignal eine diesem zugeordnete erste Verstarkung
aufweist und das zweite Messsignal eine diesem zugeordnete zweite Verstarkung aufweist, wobei die zweite Ver-
starkung gréRer als die erste Verstarkung ist.

Verfahren zum Rekonstruieren eines Dehnungssignals, wobei das Verfahren das Verfahren des Verarbeitens von
Dehnungsmessungen nach einem der Anspriiche 2 bis 4 umfasst, wobei das Konstruieren des Dehnungsmesssi-
gnals ein Summieren einer ersten Schatzung des dem ersten Phasensignal entsprechenden Dehnungsmesssignals
und einer zweiten Schatzung des dem weiteren Phasensignal entsprechenden Dehnungsmesssignals umfasst.

Verfahren zum Verarbeiten von Dehnungsmessungen wahrend einer faseroptischen Erfassung unter Verwendung
eines ersten Sensors, bei dem es sich um eine erste optische Faser (302) handelt:

gekennzeichnet durch:

Bereitstellen eines zweiten Sensors, bei dem es sich um eine zweite optische Faser (304) handelt, die fir
Schallwellen positioniert ist, die sowohl auf die erste als auch die zweite optische Faser auftreffen sollen,
wobei

die erste optische Faser (302) eine dieser zugeordnete Empfindlichkeit in einer ersten GréRenordnung
aufweist;

die zweite optische Faser (304) eine gleiche Schallempfindlichkeitsrichtung aufweist wie die erste
optische Faser, und die zweite optische Faser eine Empfindlichkeit in einer zweiten GréRenordnung
aufweist, die von der Empfindlichkeit in der ersten GréRenordnung verschieden ist;

Messen eines ersten riickgestreuten optischen Signals in Bezug auf die erste optische Faser und eines
zweiten riickgestreuten optischen Signals in Bezug auf die zweite optische Faser, wobei das erste Mess-
signal sich auf mehrere zusammenhangende Zeitraume bezieht und sich das zweite Messsignal ebenfalls
auf die mehreren zusammenhangenden Zeitrdume bezieht;

wobei das Verfahren umfasst:

Erzeugen eines ersten entpackten Phasensignals in Bezug auf das erste Messsignal; Erzeugen eines
zweiten entpackten Phasensignals in Bezug auf das zweite Messsignal;

Auswahlen eines Phasensignalfragments in Bezug auf einen ersten Zeitraum der mehreren zusammen-
hangenden Zeitrdume aus einem aus dem dem ersten Sensor zugeordneten ersten entpackten Phasen-
signal und dem dem zweiten Sensor zugeordneten zweiten entpackten Phasensignal gemal einem vor-
bestimmten Kriterium; und

Verwenden des ausgewahlten Phasensignalfragments zum Konstruieren eines Dehnungsmesssignals.

7. Verfahren nach Anspruch 6, wobei das vorbestimmte Kriterium eine Signalsattigung ist ,oder wobei das vorbestimm-

te Kriterium eine geringste Sattigung ist, und das Verfahren femer umfasst:
Messen der Signalsattigung des dem ersten Sensor zugeordneten ersten entpackten Phasensignals in Bezug auf
den ersten Zeitraum.

8. Verfahren gemafR Anspruch 7, das ferner eines umfasst aus:

Messen der Leistung des ersten entpackten Phasensignals in Bezug auf mit Bezug auf ein vorbestimmtes
Frequenzband ausgewahlite Frequenzkomponenten und in Bezug auf den ersten Zeitraum, oder

Messen der Signalsattigung des zweiten entpackten Phasensignals in Bezug auf den ersten Zeitraum der
mehreren zusammenhangenden Zeitrdume als Reaktion auf die Messung der Signalsattigung in Bezug auf das
erste entpackte Phasensignal, und wobei der erste Zeitraum anzeigt, dass das erste entpackte Phasensignal
in Bezug auf das erste Zeitintervall gesattigt ist, oder

Messen der Leistung des ersten entpackten Phasensignals in Bezug auf mit Bezug auf ein vorbestimmtes
Frequenzband ausgewahlte Frequenzkomponenten und in Bezug auf den ersten Zeitraum, und

Messen, mit Bezug auf das vorbestimmte Frequenzband, durch Filtern des ersten entpackten Phasensignals
in Bezug auf das vorbestimmte Frequenzband; oder

Messen der Leistung des ersten entpackten Phasensignals in Bezug auf mit Bezug auf ein vorbestimmtes
Frequenzband ausgewahlte Frequenzkomponenten und in Bezug auf den ersten Zeitraum, und Ermitteln, ob
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das erste entpackte Phasensignal in Bezug auf den ersten Zeitraum gesattigt ist, durch Vergleichen der ge-
messenen Leistung des ersten entpackten Phasensignals mit Bezug auf einen vorbestimmten Leistungsschwel-
lenwert.

Faseroptisches Messsystem, umfassend:
einen ersten optischen Sensor, bei dem es sich um eine erste optische Faser (302) handelt; dadurch gekenn-
zeichnet, dass das System ferner umfasst:

einen zweiten optischen Sensor, bei dem es sich um eine zweite optische Faser (304) handelt, die eine gleiche
Schallempfindlichkeitsrichtung aufweist wie die erste optische Faser;

wobei die erste optische Faser (302) eine dieser zugeordnete Empfindlichkeit in einer ersten Gréenordnung
aufweist; und die zweite optische Faser (304) eine dieser zugeordnete Empfindlichkeit in einer zweiten Gro-
Renordnung aufweist, die von der Empfindlichkeit in der ersten GréRenordnung verschieden ist; und

eine mit der ersten optischen Faser (302) und der zweiten optischen Faser (304) wirkverbundene Messungs-
verarbeitungseinheit (328), die ausgelegt ist, ein erstes riickgestreutes optisches Signal in Bezug auf die erste
optische Faser und ein zweites riickgestreutes optisches Signal in Bezug auf die zweite optische Faser zu
empfangen,

wobei beide Signale aus einer auf sowohl die erste als auch die zweite optische Faser auftreffenden Schallwelle
herriihren, wobei das erste Messsignal ein diesem zugeordnetes erstes Phasensignal aufweist, und das zweite
Messsignal ein diesem zugeordnetes zweites Phasensignal aufweist, das eine Konsolidierung des ersten Pha-
sensignals und eines weiteren Phasensignals darstellt, wobei das erste Phasensignal und das weitere Pha-
sensignal voneinander in der Phasendomane nicht unterscheidbar sind;

wobei die Messungsverarbeitungseinheit (328) ausgelegt ist, das erste Phasensignal zu verarbeiten, das zweite
Phasensignal zu verarbeiten, um das weitere Phasensignal zu erhalten; und unter Verwendung des verarbei-
teten ersten Phasensignals und des weiteren Phasensignals ein Dehnungsmesssignal zu konstruieren.

System gemaf Anspruch 9, wobei die Messungsverarbeitungseinheit (328) umfasst:

einen ersten optischen Signalumformer (316), der ausgelegt ist, das erste riickgestreute optische Signal zu
empfangen und als Reaktion darauf das erste Messsignal zu erzeugen, einen zweiten optischen Signalumformer
(318), der ausgelegt ist, das zweite riickgestreute optische Signal zu empfangen und als Reaktion darauf das
zweite Messsignal zu erzeugen;

eine Verarbeitungsressource (400), die ausgelegt ist, einen Phasendetektor (436) zu unterstiitzen, wobei der
Phasendetektor (436) ausgelegt ist, das erste Phasensignal aus dem ersten Messsignal zu ermitteln;

eine von der Verarbeitungsressource (436) unterstiitzte Phasenverarbeitungseinheit (438), die ausgelegt ist,
das erste Phasensignal zu verarbeiten; und

einen Signalmischer (442); wobei

der Phasendetektor (436) ausgelegt ist, das zweite Phasensignal aus dem zweiten Messsignal zu ermitteln,
wobei das erste Phasensignal und das weitere Phasensignal voneinander in der Phasendomane nicht unter-
scheidbar sind;

die Phasenverarbeitungseinheit (438) ausgelegt ist, das zweite Phasensignal zu verarbeiten, um das weitere
Phasensignal zu erhalten; und

der Signalmischer (442) ausgelegtist, unter Verwendung von jeweils aus dem verarbeiteten ersten Phasensignal
und dem weiteren Phasensignal abgeleiteten geschatzten Dehnungssignalen ein Dehnungsmesssignal zu kon-
struieren.

System nach Anspruch 10, wobei die Phasenverarbeitungseinheit ein Phasenentpacker (438) ist, oder wobei die
Phasenverarbeitungseinheit ein Phasenentpacker (438) ist und der Phasenentpacker ausgelegt ist, ein A-priori-
Phasensignal zu verwenden, oder wobei die Verarbeitungsressource (400) ausgelegt ist, ein A-priori-Phasensignal
vom ermittelten zweiten Phasensignal zu subtrahieren.

Faseroptisches Messsystem, umfassend:
einen ersten optischen Sensor, bei dem es sich um eine erste optische Faser (302) handelt; dadurch gekenn-
zeichnet, dass das System ferner umfasst:

einen zweiten optischen Sensor, bei dem es sich um eine zweite optische Faser (304) handelt, die eine gleiche

Schallempfindlichkeitsrichtung aufweist wie die erste optische Faser;
wobei die erste optische Faser (302) eine dieser zugeordnete Empfindlichkeit in einer ersten GréRenordnung
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aufweist; und die zweite optische Faser (304) eine dieser zugeordnete Empfindlichkeit in einer zweiten Gro-
Renordnung aufweist, die von der Empfindlichkeit in der ersten GréRenordnung verschieden ist; und

eine mit der ersten optischen Faser (302) und der zweiten optischen Faser (304) wirkverbundene Messungs-
verarbeitungseinheit (328), die ausgelegt ist, ein erstes riickgestreutes optisches Signal in Bezug auf die erste
optische Faser und ein zweites riickgestreutes optisches Signal in Bezug auf die zweite optische Faser zu
empfangen,

wobei beide Signale aus einer auf sowohl die erste als auch die zweite optische Faser auftreffenden Schallwelle
herriihren, wobei das erste Messsignal ein diesem zugeordnetes erstes Phasensignal aufweist, und das zweite
Messsignal ein diesem zugeordnetes zweites Phasensignal aufweist, das eine Konsolidierung des ersten Pha-
sensignals und eines weiteren Phasensignals darstellt, wobei das erste Phasensignal und das weitere Pha-
sensignal voneinander in der Phasendomane nicht unterscheidbar sind;

wobei die Messungsverarbeitungseinheit (328) umfasst:

einen ersten optischen Signalumformer (316), der ausgelegt ist, ein dem ersten Sensor (302) zugeordnetes
erstes Messsignal in Bezug auf mehrere zusammenhangende Zeitrdume zu erzeugen;

einen zweiten optischen Signalumformer (318), der ausgelegt ist, ein dem zweiten Sensor (304) zugeord-
netes zweites Messsignal in Bezug auf die mehreren zusammenhangenden Zeitrdume zu erzeugen;
einen Phasensignalgenerator (602 & 604 ), der ausgelegt ist, ein erstes entpacktes Phasensignal in Bezug
auf das erste Messsignal und ein zweites entpacktes Phasensignal in Bezug auf das zweite Messsignal
Zu erzeugen;

einen Signalanalysator (606), der ausgelegt ist, ein Phasensignalfragment in Bezug auf einen ersten Zeit-
raum der mehreren zusammenhangenden Zeitrdume aus einem aus dem dem ersten Sensor zugeordneten
ersten entpackten Phasensignal und dem dem zweiten Sensor zugeordneten zweiten entpackten Phasen-
signal gemal einem vorbestimmten Kriterium auszuwahlen; und

eine Signalmischeinheit (614), die ausgelegt ist, das ausgewahlte Phasensignalfragment dazu zu verwen-
den, ein Dehnungsmesssignal zu konstruieren.

13. System nach Anspruch 12, wobei das vorbestimmte Kriterium eine Signalsattigung ist, oder wobei das vorbestimmte
Kriterium eine geringste Sattigung ist, und/oder wobei der Signalanalysator (606) dazu ausgelegt ist, die Signalsat-
tigung des dem ersten Sensor zugeordneten ersten entpackten Phasensignals in Bezug auf den ersten Zeitraum
Zu messen.

14. System nach Anspruch 13, wobei:

der Signalanalysator (606) ausgelegt ist, die Leistung jeweils des ersten entpackten Phasensignals in Bezug
auf mit Bezug auf ein vorbestimmtes Frequenzband ausgewahlte Frequenzkomponenten und in Bezug auf den
ersten Zeitraum zu messen; oder

der Signalanalysator (606) ausgelegt ist, die Signalsattigung des zweiten entpackten Phasensignals in Bezug
auf den ersten Zeitraum der mehreren zusammenhangenden Zeitrdume als Reaktion auf die Messung der
Signalsattigung in Bezug auf das erste Phasensignal zu messen, und wobei der erste Zeitraum anzeigt, dass
das erste entpackte Phasensignal in Bezug auf das erste Zeitintervall gesattigt ist; oder

der Signalanalysator (606) ausgelegt ist, die Leistung jeweils des ersten Phasensignals in Bezug auf mit Bezug
auf ein vorbestimmtes Frequenzband ausgewahlte Frequenzkomponenten und in Bezug auf den ersten Zeit-
raum zu messen und mit Bezug auf das vorbestimmte Frequenzband durch Filtern des ersten entpackten
Phasensignals in Bezug auf das vorbestimmte Frequenzband zu messen; oder

der Signalanalysator (606) ausgelegt ist, die Leistung jeweils des ersten Phasensignals in Bezug auf mit Bezug
auf ein vorbestimmtes Frequenzband ausgewahlte Frequenzkomponenten und in Bezug auf den ersten Zeit-
raum zu messen, und zu ermitteln, ob das erste entpackte Phasensignal in Bezug auf den ersten Zeitraum
gesattigt ist, durch Vergleichen der gemessenen Leistung des ersten entpackten Phasensignals mit Bezug auf
einen vorbestimmten Leistungsschwellenwert.

Revendications
1. Procédé de mesures de déformation de traitement pendant la détection de fibre optique a I'aide d’'un premier capteur

qui est une premiere fibre optique (302) :
caractérisé par :

26



10

15

20

25

30

35

40

45

50

55

EP 3 295 155 B1

la fourniture d’un second capteur qui est une seconde fibre optique (304) positionnée pour que les ondes
acoustiques soient incidentes a la fois sur les premiére et seconde fibres optiques, dans lequel

la premiere fibre optique (302) présente une premiére sensibilité d’amplitude associée a celle-ci ; la seconde
fibre optique (304) présente une méme direction de sensibilité acoustique que la premiere fibre optique et la
seconde fibre optique présente une seconde sensibilité d’amplitude qui est différente de la premiere sensibilité
d’amplitude ;

la mesure d’'un premier signal optique rétrodiffusé afférant a la premiere fibre optique et d’'un second signal
optique rétrodiffusé afférant a la seconde fibre optique, dans lequel le premier signal mesuré présente un premier
signal de phase associé a celui-ci ;

le second signal mesuré présente un second signal de phase associé a celui-ci qui constitue une consolidation
du premier signal de phase et d’'un signal de phase supplémentaire, dans lequel le premier signal de phase et
le signal de phase supplémentaire sont impossibles a distinguer I'un de I'autre dans le domaine de phase ;

le traitement du premier signal de phase,

le traitement du second signal de phase pour obtenir le signal de phase supplémentaire ; et la construction d’'un
signal de mesure de déformation a I'aide du premier signal de phase traité et du signal de phase supplémentaire.

Procédé selon la revendication 1, dans lequel le premier signal de phase est traité a I'aide d’une technique de
traitement prédéfinie et le second signal de phase est traité a 'aide de la technique de traitement prédéfinie et/ou
dans lequel le traitement du premier signal de phase est une technique de déroulement de phase qui produit un
premier signal de phase déroulé etle traitement du second signal de phase estla technique de déroulementde phase.

Procédé selon la revendication 1, dans lequel le traitement du premier signal de phase est une technique de
déroulement de phase qui produit un premier signal de phase déroulé et le traitement du second signal de phase
est la technique de déroulement de phase qui :

emploie un signal de phase a priori ou

emploie un signal de phase a priori dans lequel le signal de phase a priori estle premier signal de phase déroulé ou
comprend la soustraction d’un signal de phase a priori qui est le premier signal de phase déroulé a partir du
second signal de phase défini.

Procédé selon I'une quelconque des revendications 1 a 3, dans lequel le premier signal mesuré présente un premier
gain associé a celui-ci et le second signal mesuré présente un second gain associé a celui-ci, le second gain étant
plus grand que le premier gain.

Procédé de reconstruction d’un signal de déformation, le procédé comprenant le procédé de mesures de déformation
de traitement selon 'une quelconque des revendications 2 a 4 dans lequel la construction du signal de mesure de
déformation comprend la somme d’une premiére estimation du signal de mesure de déformation correspondant au
premier signal de phase et une seconde estimation du signal de mesure de déformation correspondant au signal
de phase supplémentaire.

Procédé de mesures de déformation de traitement pendant la détection de fibre optique a I'aide d’'un premier capteur
qui est une premiere fibre optique (302) :
caractérisé par :

la fourniture d’un second capteur qui est une seconde fibre optique (304) positionnée pour que les ondes
acoustiques soient incidentes a la fois sur les premiére et seconde fibres optiques, dans lequel

la premiere fibre optique (302) présente une premiére sensibilité d’amplitude associée a celle-ci ;

la seconde fibre optique (304) présente une méme direction de sensibilité acoustique que la premiére fibre
optique et la seconde fibre optique présente une seconde sensibilité d’amplitude qui est différente de la
premiére sensibilité d’amplitude ;

la mesure d’'un premier signal optique rétrodiffusé afférant a la premiére fibre optique et un second signal optique
rétrodiffusé afférant a la seconde fibre optique, dans lequel le premier signal de mesure est afférant a une
pluralité d’intervalles de temps contigus et le second signal de mesure est également afférant a la pluralité
d’intervalles de temps contigus ; le procédé comprenant :

la génération d’'un premier signal de phase déroulé afférant au premier signal de mesure ;
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la génération d’'un second signal de phase déroulé afférant au second signal de mesure ;

la sélection d'un fragment de signal de phase afférant a un premier intervalle de temps de la pluralité
d’intervalles de temps contigus du premier signal de phase déroulé associé au premier capteur et du second
signal de phase déroulé associé au second capteur conformément a un critere prédéfini ; et

I'utilisation du fragment de signal de phase sélectionné pour construire un signal de mesure de déformation.

Procédé selon la revendication 6 dans lequel le critere prédéfini est la saturation du signal ou dans lequel le critére
prédéfini est la moindre saturation et le procédé comprend en outre :

la mesure de la saturation du signal du premier signal de phase déroulé associé au premier capteur afférant au
premier intervalle de temps.

8. Procédé selon la revendication 7 comprenant en outre un parmi :

la mesure de la puissance du premier signal de phase déroulé afférant aux composantes de fréquence sélec-
tionnées par rapport a une bande de fréquences prédéfinie et afférant au premier intervalle de temps, ou

la mesure de la saturation du signal du second signal de phase déroulé afférant au premier intervalle de temps
de la pluralité d’intervalles de temps contigus en réponse a la mesure de la saturation du signal afférant au
premier signal de phase déroulé et du premier intervalle de temps indiquant le premier signal de phase déroulé
étant saturé par rapport au premier intervalle de temps, ou

la mesure de la puissance du premier signal de phase déroulé des composantes de fréquence sélectionnées
par rapport a une bande de fréquences prédéfinie et afférant au premier intervalle de temps et la mesure par
rapport a la bande de fréquences prédéfinie en filtrant le premier signal de phase déroulé afférant a la bande
de fréquences prédéfinie ; ou

la mesure de la puissance du premier signal de phase déroulé afférant aux composantes de fréquence sélec-
tionnées par rapport a une bande de fréquences prédéfinie et afférant au premier intervalle de temps et la
détermination si le premier signal de phase déroulé est saturé par rapport au premier intervalle de temps en
comparant la puissance mesurée du premier signal de phase déroulé par rapport a un seuil de puissance
prédéfini.

9. Systéme de mesure de fibre optique comprenant :

un premier capteur optique qui est une premiére fibre optique (302),
caractérisé en ce que le systtme comprend en outre :

un second capteur optique qui est une seconde fibre optique (304) présentant une méme direction de sensibilité
acoustique comme la premiére fibre optique :

dans lequel la premiere fibre optique (302) présente une premiére sensibilité d’amplitude associée a celle-
ci ; et la seconde fibre optique (304) présente une seconde sensibilité d’amplitude associée a celle-ci qui
est différente de la premiére sensibilité d’amplitude ; et

une unité de traitement de mesure (328) couplée fonctionnellement a la premiére fibre optique (302) et a
la seconde fibre optique (304) et agencée de maniére a recevoir un premier signal optique rétrodiffusé
afférantalapremiére fibre optique etun second signal optique rétrodiffusé afférant a la seconde fibre optique,

dans lequel les deux signaux résultent d’'une onde acoustique incidente sur a la fois les premiére et seconde
fibres optiques, le premier signal mesuré présente un premier signal de phase associé a celui-ci et le second
signal mesuré présente un second signal de phase associé a celui-ci qui constitue une consolidation du premier
signal de phase et du signal de phase supplémentaire, dans lequel le premier signal de phase et le signal de
phase supplémentaire sont impossibles a distinguer I'un de I'autre dans le domaine de phase ;

l'unité de traitement de mesure (328) étant configurée pour traiter le premier signal de phase, traiter le second
signal de phase pour obtenir le signal de phase supplémentaire ; et construire un signal de mesure de défor-
mation a I'aide du premier signal de phase traité et du signal de phase supplémentaire.

10. Systéme selon la revendication 9 dans lequel I'unité de traitement de mesure (328) comprend :

un premier convertisseur de signal optique (316) agencé de maniére a recevoir le premier signal optique rétro-
diffusé et a générer le premier signal mesuré en réponse a celui-ci,
un second convertisseur de signal optique (318) agencé de maniéere a recevoir le second signal optique rétro-
diffusé et a générer le second signal mesuré en réponse a celui-ci ;
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une ressource de traitement (400) agencée de maniere a supporter un détecteur de phase (436), le détecteur
de phase (436) étant agencé de maniére a déterminer le premier signal de phase a partir du premier signal
mesuré ;

une unité de traitement de phase (438) supportée par la ressource de traitement (436) et agencée de maniére
a traiter le premier signal de phase ; et

un multiplexeur de signaux (442) ; dans lequel

le détecteur de phase (436) est agencé de maniére a déterminer le second signal de phase a partir du second
signal mesuré, dans lequel le premier signal de phase et le signal de phase supplémentaire sont impossibles
a distinguer I'un de l'autre dans le domaine de phase ;

'unité de traitement de phase (438) est agencée de maniere a traiter le second signal de phase pour obtenir
le signal de phase supplémentaire ; et

le multiplexeur de signaux (442) est agencé de maniére a construire un signal de mesure de déformation a
I'aide des signaux de déformation estimés respectivement dérivés a partir du premier signal de phase traité et
du signal de phase supplémentaire.

11. Systéme selon la revendication 10, dans lequel 'unité de traitement de phase est un dérouleur de phase (438) ou

12.

dans lequel I'unité de traitement de phase est un dérouleur de phase (438) et le dérouleur de phase est agencé de
maniére a utiliser un signal de phase a priori ou dans lequel la ressource de traitement (400) est agencée de maniére
a soustraire un signal de phase a priori du second signal de phase défini.

Systeme de mesure a fibre optique comprenant :
un premier capteur optique qui est une premiére fibre optique (302) ;
caractérisé en ce que le systeme comprend en outre :

un second capteur optique qui est une seconde fibre optique (304) présentant une méme direction de sensibilité
acoustique comme la premiére fibre optique :

dans lequel la premiere fibre optique (302) présente une premiére sensibilité d’amplitude associée a celle-
ci ; et la seconde fibre optique (304) présente une seconde sensibilité d’amplitude associée a celle-ci qui
est différente de la premiére sensibilité d’amplitude ; et

une unité de traitement de mesure (328) couplée fonctionnellement a la premiére fibre optique (302) et a
la seconde fibre optique (304) et agencée de maniere a recevoir un premier signal optique rétrodiffusé
afférantalapremiére fibre optique etun second signal optique rétrodiffusé afférant a la seconde fibre optique,

dans lequel les deux signaux résultent d’'une onde acoustique incidente sur a la fois les premiére et seconde
fibres optiques, le premier signal mesuré présente un premier signal de phase associé a celui-ci et le second
signal mesuré présente un second signal de phase associé a celui-ci qui constitue une consolidation du premier
signal de phase et du signal de phase supplémentaire, dans lequel le premier signal de phase et le signal de
phase supplémentaire sont impossibles a distinguer I'un de I'autre dans le domaine de phase ;

dans lequel 'unité de traitement de mesure (328) comprend un premier convertisseur de signal optique (316)
configuré pour générer un premier signal de mesure afférant a une pluralité d’'intervalles de temps contigus et
associé au premier capteur (302) ;

un second convertisseur de signal optique (318) configuré pour générer un second signal de mesure afférant
a la pluralité d’intervalles de temps contigus et associé au second capteur (304) ;

un générateur de signal de phase (602 et 604) configuré pour générer un premier signal phase déroulé afférant
au premier signal de mesure et un second signal de phase déroulé afférant au second signal de mesure ;

un analyseur de signal (606) configuré pour sélectionner un fragment de signal de phase afférant a un premier
intervalle de temps de la pluralité d’intervalles de temps contigus du premier signal de phase déroulé associé
au premier capteur et du second signal de phase déroulé associé au second capteur conformément a un critere
prédéfini ; et

une unité de multiplexage de signaux (614) configurée pour utiliser le fragment de signal de phase sélectionné
pour construire un signal de mesure de déformation.

13. Systéeme selon la revendication 12, dans lequel le critére de saturation du signal est prédéfini ou dans lequel le

critere prédéfini est la moindre saturation et/ou dans lequel 'analyseur de signal (606) est configuré pour mesurer
la saturation du signal du premier signal de phase déroulé associé au premier capteur afférant au premier intervalle
de temps.
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14. Systéme selon la revendication 13, dans lequel :

I'analyseur de signal (606) est configuré pour mesurer la puissance de chaque premier signal de phase afférant
aux composantes de fréquence sélectionnées par rapport a une bande de fréquences prédéfinie et afférant au
premier intervalle de temps, ou

I'analyseur de signal (606) est configuré pour mesurer la saturation du signal du second signal de phase déroulé
afférant au premier intervalle de temps de la pluralité d’intervalles de temps contigus en réponse a la mesure
de la saturation du signal afférant au premier signal de phase et du premier intervalle de temps indiquant le
premier signal de phase déroulé étant saturé par rapport au premier intervalle de temps ; ou

I'analyseur de signal (606) est configuré pour mesurer la puissance de chaque premier signal de phase afférant
aux composantes de fréquence sélectionnées par rapport a une bande de fréquences prédéfinie et afférant au
premier intervalle de temps et pour mesurer par rapport a la bande de fréquences prédéfinie en filtrant le premier
signal de phase déroulé afférant a la bande de fréquences prédéfinie ; ou

I'analyseur de signal (606) est configuré pour mesurer la puissance de chaque premier signal de phase afférant
aux composantes de fréquence sélectionnées par rapport a une bande de fréquences prédéfinie et afférant au
premier intervalle de temps et pour déterminer si le premier signal de phase déroulé est saturé par rapport au
premier intervalle de temps en comparant la puissance mesurée du premier signal de phase déroulé par rapport
a un seuil de puissance prédéfini.
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